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Voorwoord 
Het werk dat in dit proefschrift wordt beschreven, zou niet mogelijk zijn geweest 
zonder de hulp van en samenwerking met vele personen in het HFML en bij 
Molecular Materials. Daarom waag ik een poging om al deze mensen te bedanken, 
en hoop daarbij niemand te vergeten. Als eerste wil ik mijn directe begeleiders in het 
HFML bedanken, Uli en Peter, die me bij vele praktische en theoretische zaken die ik 
nog niet kende, erg hebben geholpen. Uli, je hebt me in principe alles geleerd wat ik 
nodig had om mijn magnetisatiemetingen uit te kunnen voeren: solderen, lock-ins, 
capaciteitsbruggen en voltmeters gebruiken, omgaan met cryogene technieken, 
correct aarden etcetera, etcetera. En verder was je er altijd om mijn vragen te 
beantwoorden, voorstellen voor meettechniekverbeteringen te geven en over 
meetresultaten te discussiëren. Peter, ook jij was altijd beschikbaar voor een korte 
discussie, en om raad te geven over hoe verder te gaan met een bepaald project. 
Verder heb je me steeds gestimuleerd dingen tot in het uiterste uit te zoeken, en me 
praktisch gezien veel geholpen bij de uitlijningsexperimenten. Jullie beiden waren 
op een fijne manier zeer kritisch over mijn metingen, de resultaten en mijn 
wiskundige capriolen om data te interpreteren, wat me altijd heeft gestimuleerd om 
mijn eigen werkmethoden te verbeteren. Ik bedank jullie dan ook met nadruk zeer 
hartelijk voor de goede begeleiding, die jullie me de afgelopen jaren hebben 
gegeven. 
Hierna wil ik graag Jan Kees en Alan bedanken voor het vertrouwen dat jullie 
hadden om de samenwerking van mijn afstudeerstage te continueren in een 
promotieonderzoek, en me voldoende ruimte te geven om zelf mijn project te leiden. 
Maar voor belangrijke zaken waren jullie er ook altijd, en in de magneethallen heb ik 
urenlang met Jan Kees kunnen spreken, en met Alan als ik hem kon vinden… 
Femke en Laurens wil ik erg bedanken voor de synthese, en zuivering, van de 
mangaan- en kobaltclusters en de goede discussies die we hadden tijdens de 
meetsessies. Ik vond het erg mooi om te zien dat het oorspronkelijke idee om het 
gedrag van magnetische moleculen te beïnvloeden via aanpassing van de 
bruggende liganden en het kiezen van andere metaalcentra, zo relatief eenvoudig te 
realiseren was. 
 vi 
Dan volgt mijn dank aan mijn kantoorgenoten, Jeroen en Jos, waarmee ik erg veel 
plezier heb gehad, veel ‘wetenschappelijk leed’ heb kunnen delen, en die ook altijd 
bereid waren om te helpen en te ‘babysitten’. Dat was natuurlijk ook zo bij mijn 
andere AIO-collega’s, waarvan Janneke het vaakst in het lab was, en ook ’s nachts 
nog aanwezig kon zijn om mijn metingen mogelijk te maken. Door mijn chemische 
AIO-collega’s in het HFML, Victor en Arend, heb ik me altijd fijn kunnen laten 
afleiden door in het optisch lab te lopen, en mijn interesse en beperkte kennis in 
chemie te delen. Verder heb ik veel te danken aan Erik, die als masterstudent de 
nieuwe cantileveropstelling heeft opgebouwd, waar uiteindelijk, vlak voor zijn 
daadwerkelijke afstuderen, de resultaten van hoofdstuk 3 mee gemeten zijn. Then I 
would like to thank Alix for showing how experimental solid state physics is really 
properly done, and for always being available during the nights of my last 
measurement periods, as well as Giorgio, who always had something friendly to say 
in the coffee corner, regardless of the time and the length of our nightly 
measurements. And then there are all the other PhD’s in the HFML that started after 
me, Genia, Andres, Veru and Peter, with which I did not have the chance to 
personally work with so much, but with whom I always had a nice time during our 
joint coffee breaks or PhD activities. 
Ook ben ik natuurlijk veel dank verschuldigd aan de technici van het HFML, die mij 
bij zeer veel verschillende zaken hebben ondersteund. De grootste dank gaat uit 
naar Hung, die mij bijna dagelijks heeft geholpen met elektrotechnische zaken, 
programmering van nieuwe Lab-CVI-programma’s, oppikspoeltjes wikkelen en alle 
componenten van een meetopstelling met elkaar verbinden, en met meer dan één 
computer aansturen, dan wel uitlezen. Lijnis was er altijd om snel een nieuw 
onderdeel voor een meetstok te maken, en om telkens weer een kryostaat te wisselen 
zodra er een nieuwe meetgast kwam of de meetopstelling werd gewisseld naar een 
andere magneet. Jos Rook heeft me goed bijgebracht hoe om te gaan met 
vacuümpompen, en me van een goede membraanpomp voorzien voor de 
flowkryostaat, en daarnaast ook nog kleine onderdelen voor mijn meetstokken 
gemaakt. Harry zorgde er altijd voor dat de grote onderdelen van de elektrische en 
koelinstallatie functioneerden en goed onderhouden werden, wat goed is 
overgenomen door Frits, die daarbij ook nog een oogje toekneep als ik ’s winters het 
warme koelwater iets te enthousiast probeerde te koelen en toch enig ijs in de 
koeltorens veroorzaakte. Ten slotte wil ik Peter Albers nog bedanken voor zijn hulp 
bij de optische opbouw van de uitlijningsexperimenten. 
 vii 
Ine heeft veel administratief werk verzet, bestellingen doorgevoerd, samples 
verzonden, ervoor gezorgd dat de meetgasten ergens werden ondergebracht, 
waarvoor ik haar ook wil bedanken. Met Stef heb ik veel plezier gehad tijdens het 
toepen, maar ook veel in de controlekamer kunnen discussiëren over hoe de 
magneetinstallatie werkt en wat ik allemaal fout deed bij het resetten na een trip. 
Gelukkig was dan vaak ook Jos Perenboom aanwezig, die me zonder reden toch 
vaak het voordeel van de twijfel gaf, en mijn merkwaardige commentaar op 
vreemde geluiden en verschijnselen van de installatie verder liet uitzoeken. Van 
Andries heb ik geleerd hoe de nieuwe hybridemagneet uiteindelijk zal gaan 
functioneren, en ik hoop voor iedereen dat het een succes wordt. Hans Engelkamp 
bedank ik daarvoor, dat hij me een inleiding heeft gegeven hoe met POV-Ray om te 
gaan en hoe in Matlab numeriek meetdata gefit kan worden, iets wat ik tot op heden 
nog steeds gebruik. Natuurlijk wil ik iedereen samen ook bedanken voor de 
gezellige tijd die ik had in het lab, en ook daar buiten als er weer eens werd gekart, 
gelasergamed of gepoold, of we ons jaarlijkse uitje of IMM-sportdag hadden. 
Deze gezelligheid was er ook in de Molecular Materials afdeling tijdens de 
halfjaarlijkse uitjes. Ik was uiteindelijk te weinig op het chemisch lab om alle mensen 
persoonlijk te kunnen bedanken die me daar geholpen hebben, en wil daarom 
voornamelijk Paula, Theo en Paul Schlebos bedanken voor hun administratieve en 
algemene praktische chemische hulp, alsmede Richard van Hameren, Paul Kouwer 
en Hans Elemans voor de nuttige discussies die we hebben gehad. 
Uiteindelijk heb ik gedurende mijn promotiewerk zoveel plezier gehad in het doen 
van wetenschappelijk onderzoek, dat ondanks de tergend langzame vooruitgang die 
er soms lijkt te zijn, en het soms schijnbare ontbreken van enige wetenschappelijke 
impact, het werk me bijzonder bevalt en ik ook met plezier als postdoc werk in 
Dresden. I also want to thank my new colleagues there, who supported me while I 
was writing the last parts of my thesis, and gave me some extra moral support when 
the additional daily work load was high as well. 
Tot slot wil ik nog mijn ouders, broer, goede vrienden en familie bedanken voor hun 
interesse en ‘medeleven’. Gelukkig kennen enkele van hen het reilen en zeilen in een 
wetenschappelijke omgeving, wat een goed thema was voor menig gezellige avond 
in een café, en was de rest algemeen geïnteresseerd in wat ik deed en wat het 
opleverde, voor mij en voor de belastingbetaler. Conclusie: zonder de hulp van alle 
mensen die ik nu bedankt heb, was dit proefschrift niet mogelijk geweest. 
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Chapter 1: Introduction to 
Molecular Magnetism 
This thesis concerns the magnetic properties of molecules and the effect that an 
applied magnetic field has on them. It will consider the molecule’s magnetic 
properties due to the unpaired electrons that reside on their central metal ions, as 
well as the influence a magnetic field has on fully organic molecules, which only 
contain electron pairs. This introductory chapter will therefore first explain several 
basic concepts of magnetism, which will be used throughout the rest of the thesis, to 
increase the reader’s familiarity with the topic. Thereafter a brief summary of the 
history of magnetic molecules/molecular magnetism will be given, in order to place 
the presented work in perspective. The chapter ends with a short outline of the rest 
of the thesis. 
 
1.1 Basic concepts of magnetism 
1.1.1 Magnetization and magnetic susceptibility 
The magnetization M of a material is defined as the magnetic moment m per unit 
volume.1,2 In the magnetic molecules that will be treated in this thesis, the only 
contribution to this magnetic moment is given by the intrinsic magnetic properties 
of the unpaired electrons residing in the molecule. The magnitude of the magnetic 
moment of one such electron is a fixed number and given by the Bohr magneton µB: 
 J/T109.274
4
24
e
B

mπ
eh
μ  ( 1.1 ) 
in which e is the elementary charge, h is Planck's constant and me is the electron’s 
mass. The direction of this magnetic moment is either parallel or antiparallel to the 
direction of the electron spin. The total magnetic moment of the molecule is then the 
vector sum of all individual magnetic moments. 
In most magnetic molecular materials the magnetic moment is induced by the 
magnetic field, preferring an orientation of this moment along the magnetic field 
axis. As will be explained later, the strength of this induction depends, among 
others, on the occurrence of interactions between the individual magnetic moments 
in a molecule, making it easier or more difficult to magnetize a material compared to 
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one with free, uncoupled electrons. This becomes noticeable when either their 
magnetization curves or the derived magnetic field dependencies are compared. 
The magnetic field dependence of the magnetization of a material is defined as the 
volume magnetic susceptibility χv 
 
B
M
d
d
v   ( 1.2 ) 
When working with molecular materials it is more common to convert this into 
molar magnetic susceptibility χm 
 
ρ
Mχ molv
m   ( 1.3 ) 
in which Mmol is the molar mass and ρ is the material’s density. 
In Chapter 2 the experimental techniques to determine a material’s magnetization 
and magnetic susceptibility will be described. With both these concepts briefly 
explained, we will now introduce a common model that is used to interpret 
molecular magnetization data, based on the spin Hamiltonian.  
 
1.1.2 The spin Hamiltonian 
A magnetic molecule with n magnetic centres with spin S can be characterized by 
(2S + 1)n spin energy levels. These energy levels split by applying a magnetic field 
and by the crystal field, i.e. the molecular environment of the spins. The spin 
Hamiltonian is a phenomenological, mathematical means to describe this splitting, 
making use of the structure’s symmetry. For the compounds that will be described 
in this thesis three important terms in the spin Hamiltonian are to be distinguished. 
The first one is the exchange term, which takes into account the possible magnetic 
interactions between the spins. Its general form is 
 

 

1
1i 1ij
jiij
n n
J SSH ex 2  ( 1.4 ) 
in which n is the number of spins and Jij is the exchange coupling constant of spin i 
and spin j. The sign of this exchange coupling determines whether the system 
favours a magnetized state or not. A negative J indicates an antiferromagnetic 
coupling between the spins, preferring an anti-parallel alignment. In contrast, a 
positive J is observed in ferromagnetic systems in which the spins favour a parallel 
alignment. This polarization makes the latter systems easier to be magnetized by 
applying a magnetic field. In Chapter 3 we will introduce an appropriate, complete 
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exchange term for a spin square, thereafter used to explain the magnetic behaviour 
of our Mn4 clusters, as well as the Fe grids in Chapter 5. 
The second important term in the spin Hamiltonian is the crystal field term, also 
known as the zero-field splitting term, generally described by 
 SDSH ZFS
 
( 1.5 ) 
where D is a symmetric and traceless tensor. Taken in the reference frame of an 
applied magnetic field we rewrite this to 
    







222
1
1
3
1
iy,ix,
i
i
iiiz,iZFS SS
D
E
SSSD
ns
i
H  ( 1.6 ) 
in which Di and Ei/Di are the local axial and rhombic zero field splitting parameters, 
respectively, and related to the principal values of the D-tensor (Dxx, Dyy and Dzz) 
through 
 
2
yyxx
zz
DD
DD


 
( 1.7 ) 
 2/yyxx DDE 
 
( 1.8 ) 
 D can be positive or negative: in the former case the energy levels with lowest 
|m|are lowest in energy, while for negative D the levels with highest |m| are more 
stable. Since this spin Hamiltonian term splits the molecule’s spin energy levels, 
independent of the presence of a magnetic field, it is called zero field splitting term. 
A positive D corresponds to easy-plane magnetic anisotropy, i.e. with the strongest 
magnetization (largest χ) in the plane perpendicular to the magnetic field. A 
negative D corresponds to easy-axis type magnetic anisotropy, with a strong 
magnetization along the axis parallel to the magnetic field direction. E can vary from 
0 to 1/3, because a larger variation is equivalent to renaming the reference axes, as 
becomes clear when Equation 1.7 and 1.8 are combined into 
 
3
2
33
D
DE
D
DE
D
D  zzyyxx ;;
 
( 1.9 ) 
 
In Chapter 3 we qualitatively use the zero field splitting term of the spin 
Hamiltonian to explain the high magnetic field properties of our Co4 clusters, and in 
Chapter 5 we determine the ZFS parameters of the investigated Fe grids by 
numerical fitting, and use the results to explain and compare the grids’ magnetic 
behaviours. 
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The last term in the spin Hamiltonian that we will use, is the Zeeman interaction 
term 
 


n
1i
iB BSH gμZee  ( 1.10 ) 
in which g is the Landé g-factor. This term describes the magnetic field dependence 
of the spin energy levels, proportional to their related magnetic moments. At 
sufficiently high magnetic fields, this term will always become the dominant term in 
the spin Hamiltonian, and will determine the saturation of a system’s magnetization 
when the spin energy level with the maximum magnetic moment has become the 
ground state. 
For simple spin systems the spin Hamiltonian can be solved analytically or 
calculated numerically, and the energy levels and their magnetic field dependence 
can be determined, as will be shown in Chapter 3. These levels can then be 
populated, following the Boltzmann distribution law 
 
 
 

i
Bi
Bi
/exp
/exp
TkE
TkE
Pi  ( 1.11 ) 
in which kB is Boltzmann’s constant, T is the temperature, and the summation is over 
all spin energy levels. Multiplying the populations of the energy levels by the 
corresponding magnetic moments (used in the Zeeman term), and another 
summation over all energy levels then yields the total magnetic moment of the 
system at a specific temperature. From this it becomes clear that the spin 
Hamiltonian determines a system’s magnetic field dependence by shifting the 
energy levels with respect to each other and changing their order, while the 
temperature determines which of these energy levels are populated. In Chapter 4 it 
will be shown that at very low temperatures only the system’s ground state is 
thermally populated and the magnetic-field-induced crossing of spin energy levels 
becomes experimentally observable. 
 
1.2 History of molecular magnetism 
A short introduction into the rise of molecular magnetism and the understanding of 
magnetic interactions in molecules will put the experimental results that are 
presented in Chapters 3 to 5 into perspective. This paragraph starts with a brief 
summary of the discovery of the first magnetic molecules, and continues with a 
short historical overview of the description of magnetic interactions in molecules 
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and how this knowledge has been used in efforts to control their magnetic 
properties. 
 
1.2.1 First magnetic molecules 
The first report in which the unusual magnetic properties of a coordination 
compound were explained by an interaction between the metal ions was written in 
1952 and considered dimeric copper(II) acetate, which molecular structure is shown 
in Figure 1.1a.3 Its electron paramagnetic resonance intensity decreased upon 
cooling, which was explained by an antiferromagnetic interaction between the spins 
of the unpaired electrons on the copper ions. 
A ferromagnetic molecular compound was first reported in 1956, in which magnetic 
susceptibility measurements on the transition-metal cyanide complex Prussian Blue, 
Fe4III[FeII(CN)6]314H2O shown in Figure 1.1b, and its analogues4 were described. 
This extensive three-dimensional network of FeII-C and FeIII-N coordination bonds 
was the subject of many scientific studies and thus found as the first compound in 
which mixed-valency underlies the intramolecular ferromagnetic interactions.5 
The first ferromagnetic solid that consisted of individual molecules without 
intermolecular bridging groups, a ‘true’ molecular magnet, was 
diethyldithiocarbamato-FeIIICl, which structure is shown in Figure 1.1c.6 Like many 
of the early molecular magnets, serendipity led to its discovery. In that time, great 
interest was in mimicking the active sites of metalloenzymes by suitable 
coordination complexes. During the synthetic process scientists stumbled upon the 
unusual magnetic properties of the ferredoxin-mimic, observable in the hyperfine 
splitting of its Mössbauer spectrum. 
Not long afterwards manganese phthalocyanine7, shown in Figure 1.1d, was found 
to be the second purely molecular solid that showed spontaneous magnetization at 
very low temperatures. Surprisingly, all of its isomorphs with a different central 
divalent transition metal ion showed an antiferromagnetic coupling due to the 
herringbone fashion of stacking, except for the Mn compound in which the magnetic 
moments were substantially canted to give rise to weak ferromagnetism. 
Since then, numerous other molecular magnets have been found and characterized, 
highlighted by the development of the prominent class of single-molecule magnets 
(SMMs), exhibiting magnetic hysteresis of purely molecular origin. Similar to 
diethyldithiocarbamato-FeIIICl, the first SMM was found serendipitously in 1980 
during efforts in mimicking enzymes, in this case the water-oxidizing complex of
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Figure 1.1 Molecular formula of a) dimeric copper acetate, b) Prussian Blue c) 
diethyldithiocarbamato-FeCl and d) Mn-phthalocyanine. 
 
photosystem II, which enables plants to oxidize water to dioxygen.8 During these 
efforts Lis9 was able to crystallize a dodecanuclear cluster with the molecular 
formula Mn12O12(CH3COO)16(H2O)4, in short Mn12Ac, with its molecular structure 
shown in Figure 1.2. This cluster contains eight ferromagnetically coupled MnIII ions 
(spin S = 2) and four ferromagnetically coupled MnIV ions (spin S = 3/2), which 
groups are coupled antiferromagnetically to each other, resulting in a high-spin 
ground state of S = 10.10 At temperatures below 4 K hysteretic properties were 
found11 that showed stepwise magnetization relaxation behaviour due to quantum 
tunnelling, which has been studied in great detail.12 
The second extensively studied SMM is the Fe8 cluster13 [Fe8O2(OH)12(1,4,7-
triazacyclononane)6]Br8(H2O)9, shown in Figure 1.2b, in which antiferromagnetic 
interactions between the six outer and two inner S = 5/2 iron FeIII ions give rise to an 
S = 10 ground state and related quantum tunnelling of the magnetization.14 With 
these two particular metal clusters an immense research field was initiated in which 
strong collaborations between synthetic chemists, experimental and theoretical 
physicists were successful in finding new interesting magnetic materials and 
explanations of their physical properties. For further reading on the development of 
1.2 History of molecular magnetism 
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Figure 1.2 Molecular structure of a) top view of Mn12Ac (all axial acetates are omitted 
for clarity) and b) the Fe8 cluster. 
 
SMMs and the underlying physical principles of quantum tunnelling of 
magnetization several excellent review articles15,16 and books17,18 are available. 
 
1.2.2 Understanding and controlling magnetic interactions 
To understand the magnetic properties of molecular materials, one needs to 
understand the underlying principles of magnetic interactions between unpaired 
spin-containing ions, which are phenomenologically described by the spin 
Hamiltonian that was introduced before. As will be explained, the strongest 
magnetic interactions are transmitted through the molecular bonds, while through-
space interactions are negligibly small. 
The first description of ferrimagnetic interactions in a material was given by Néel19 
in 1948 when using his local molecular field model, but it was merely 
phenomenological. He stated that the interactions, which tend to align atomic 
magnetic moments either parallel or antiparallel, could be described as if there was 
an additional, imaginary magnetic field acting on an atom. This molecular field was 
caused by the magnetic moments of the atoms on neighbouring sites and either adds 
up to or is subtracted from the applied magnetic field. A few years later Anderson20 
quantum mechanically described the magnetic interactions between spins that are 
localized on neighbouring metal ion which are bridged by a diamagnetic ligand, and 
named it superexchange. Since his description was rather elaborate, Goodenough21 
and Kanamori22 translated Anderson’s ideas into a series of symmetry rules, which 
were thereafter extensively used by both physicists and synthetic chemists because 
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of their clarity and simplicity. In short they stated: the exchange interaction between 
two electrons is ferromagnetic when they are located in orthogonal orbitals. 
Well-known examples in which these rules were applied, are the binuclear 
complexes studied by Kahn.23 These complexes were based on derivatives of the 
N,N’-bis(3-carboxy-4-hydroxybenzyl)ethylenediamine ligand which bind two metal 
ions and mediate the magnetic coupling between the ions via the phenolic oxygens. 
In the case where two copper(II) ions are bound, the unpaired electrons are known 
to reside in the dx2-y2 orbitals of these ions. These orbitals are non-orthogonal to each 
other and have a large overlap density on the bridging oxygen, visualized in Figure 
1.3a, resulting in an antiferromagnetic coupling. When one of the copper ions is 
exchanged for oxovanadium(IV) the magnetic coupling via the phenolic oxygen 
remains strong, but is changed into a ferromagnetic interaction since the unpaired 
electron on VO2+ is in the dxy orbital, which is orthogonal to the dx2-y2 orbital of the 
Cu2+ ion (Figure 1.3b). 
Complementary to these experiments, Kahn was able to change the ligands around 
another bicopper complex, such that the coordination geometry of the copper ion 
was changed from square pyramidal to trigonal bipyramidal, and with it its singly-
occupied d-orbital. This decreased the overlap density on the bridging ligand as well 
and the antiferromagnetic superexchange was reduced considerably. 
In another study Hatfield24 changed the bond angle (metal-oxygen-metal) in similar 
dinuclear homometallic complexes by tuning the nature of the coordinating ligand. 
Serendipitously, he observed that the overlap density goes to zero for angles close to 
96° which resulted in a ferromagnetic coupling between the metal centres. 
Since electronic overlap of the spin-carrying orbitals is crucial, research has also 
been focussed on influencing this overlap by introduction of electron withdrawing 
or electron releasing ligands. Mandal25 exchanged axially bound halogen anions on 
antiferromagnetically coupled macrocyclic binuclear copper(II) complexes, shown in 
Figure 1.4a. The known electron withdrawing strength sequence Cl > Br > I was also 
observed in the strength of the exchange interactions, where the chloro-variant 
showed the smallest antiferromagnetic coupling. Related to this, Rodriguez-Fortea26 
focussed his research on further tuning of the oldest known, molecular magnetic 
compound: dimeric copper(II) acetate. He exchanged the acetates for more electron 
withdrawing and releasing carboxylates and found a decreasing trend in 
antiferromagnetic coupling between the unpaired spins on the copper ions, 
following the series SiH3 > H > CH3 > CF3 > CCl3, shown in Figure 1.4b. 
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Figure 1.3 Magnetic orbitals in dinuclear complexes a) Cu2+-Cu2+ and b) Cu2+-VO2+. 
 
 
Figure 1.4 Molecular structure of a) Mandal’s binuclear Cu complex, X = Cl, Br, I and 
b) dimeric copper carboxylate, R = SiH3, H, CH3, CF3, CCl3. 
 
All previous examples show that it is rather difficult to predict the magnetic 
properties of new magnetic molecules, both for the ones that have been synthesized 
and the ones that are designed on paper. Designed orthogonality between the spin 
carrying orbitals is only achieved in heterometallic compounds or mixed-valence 
complexes in which the unpaired spins always reside in different orbitals. From a 
synthetic point of view these molecules are much more difficult to make than their 
homometallic, single oxidation state derivatives, and serendipity plays an important 
role in success. Bond angles in molecules are neither designable nor fully 
synthetically controllable, and can only be altered via subtle substitutions on the 
metal-coordinating ligands. The same holds for the exchange of ligands by more 
electron withdrawing ones, in which the structural outcome might differ from what 
is expected, when bond strengths are simultaneously altered in too much extent. 
Despite the synthetic challenge, we decided to start a study on the influence of the 
electron withdrawing character of the carboxylate ligands on the magnetic 
properties of a new Mn4 cluster, which will be explained in detail in Chapter 3. In 
addition, we synthesized its variants with cobalt as a central metal ion, described in 
the second section of Chapter 3. 
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1.3 Thesis outline 
During this introduction chapter several references have been made to the chapters 
that will follow. A complete, short outline of the rest of the thesis will be given here. 
In Chapter 2 the magnetometers will be described that have been used for the 
magnetic characterization of our magnetic molecules. It will start by explaining the 
working principles of pick-up coil-based magnetometers, and continues with a 
detailed description of our extraction and vibrating sample magnetometer. The 
second part covers the more sensitive torque magnetometry technique, based on a 
cantilever, which we used to perform magnetization measurements in a dilution 
refrigerator. 
Chapter 3 gives an in-depth insight into the magnetic character of a new series of 
Mn4 clusters that we have developed. We will explain how we can control the 
magnetic exchange interactions between the four central manganese ions, by 
changing their bridging carboxylate ligands. In addition, we will provide a 
qualitative analysis of the related Co4 clusters, that show a weaker exchange 
interaction dependence on carboxylate exchange, however are magnetically 
anisotropic due to a changed electronic configuration. 
In Chapter 4 we will provide very low temperature magnetization measurements on 
the Mn4(OAc)4 cluster using our cantilever magnetometer in a dilution refrigerator. 
The cluster’s magnetic moment at 120 mK shows discrete steps due to magnetic 
energy level crossings. The actual step positions enable the precise determination of 
the intramolecular magnetic exchange interaction strengths. Interestingly, the step 
positions are not precisely equidistant, which can be tracked down to different 
magnetic couplings between the individual manganese ions within a cluster. In 
addition, we experimentally observe a broadening and fading of the steps with 
increasing field, and attribute this to a spread of the energy levels in different 
clusters. This spread is caused by a statistical distribution of the average exchange 
interaction strength over the clusters that are present in the sample. 
Chapter 5 describes four Fe grids that belong to the magnetic molecule class of spin 
crossover compounds. Our magnetization measurements show that at low 
temperatures two out of four Fe ions in these structures are HS, which change to a 
nearly full HS structure at room temperature. Additionally, we are able to determine 
the magnetic anisotropy of these grids in terms of zero field splitting parameters, by 
numerical fitting of the magnetization results. One of the grids is in a HS state for all 
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temperatures, and displays a ferromagnetic interaction between the Fe centres, 
which we can relate to its molecular structure. 
The last chapter shows a new methodology to align a porphyrin-based material with 
a magnetic field, due to its anisotropic diamagnetic properties. We will describe how 
to tune the aggregation and subsequent gelation of the porphyrin trimers by solvent 
choice and temperature variation, and we study the magnetic field-induced 
alignment via polarized absorbance and linear birefringence measurements. We 
have used these results to develop a method that involves the controlled 
aggregation and gelation of a drop-casted solution of porphyrin trimers, in order to 
fix their uniaxial, perfect, magnetic-field-induced alignment. In this way we have 
formed an aligned porphyrin trimer gel with clear absorbance anisotropy and 
birefringent properties. 
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Chapter 2: Experimental Techniques 
The heart of this thesis involves magnetization measurements on magnetic 
molecules. In several reviews1-5 and books6,7 different ways to perform 
magnetometry are explained. This chapter gives an in-depth insight into the three 
techniques that we have used: extraction magnetometry, vibrating sample 
magnetometry (VSM) and cantilever/torque magnetometry. 
 
2.1 Pick-up coil-based magnetometry 
2.1.1 Basics of pick-up coils 
The working principles of both the extraction magnetometer and the vibrating 
sample magnetometer are based on pick-up coils. The magnetic fields that are 
produced by magnetized samples which move through the coils, are sensed by the 
windings of these coils. According to Faraday’s law of induction, a moving magnetic 
sample produces a changing magnetic flux  inside the coils, which is proportional 
to the magnetic moment of the sample. This flux change induces a voltage V over 
these coils, given by 
 
t
Φ
NV
d
d
  ( 2.1 )  
in which N is the number of windings of the coil. 
The voltage that the moving magnetic sample induces in the pick-up coils, is 
proportional to the magnetic field gradient of those coils, thereby following the 
reciprocity theorem.8 In other words, the sample induces the largest pick-up voltage 
at the position where an applied current through the coil would produce the largest 
magnetic field change. Therefore, the voltage V induced by a moving sample with 
magnetic moment m can be directly related to the field gradient at the position of the 
sample 
 
 
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d
d
d
  ( 2.2 )  
in which N is the number of windings and S is a quantity proportional to the 
magnetic moment of the measured sample. 
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For a known geometry of a pick-up coil (inner radius r1, outer radius r2, length L) its 
field profile as a function of z is given by 
 
 
 
        
    222222110
22
11
22
22
0
2
2
2
3
22
2
0
1
lnln
2
lnln
2
dd
2
2
zrrzrrz
Iμ
z-Lrrz-LrrLz
Iμ
zr
rzrIμ
zB
r
r
L
L



  
1
 
( 2.3 )  
This field profile leads to a field gradient dB/dz which determines the sensitivity of 
the pick-up coil to a moving magnetic moment at position z. 
In order to illustrate this, the field profile and the related field gradient for a typical 
coil used in our experiments are schematically plotted in Figure 2.1. This figure 
indicates that a moving magnetized sample does not induce a voltage far away from 
the pick-up coil nor in its centre. 
Experimentally, we induce the magnetic moment in the samples with an externally 
applied magnetic field. Sweeping the magnetic field, slight variations of this 
magnetic field (10 ppm stability of the Bitter magnets in the HFML) or small 
movements of the pick-up coils in this magnetic field (due to mechanical vibrations) 
also induce a changing magnetic flux in the pick-up coils, proportional to the total 
surface of the windings. Therefore, every pick-up coil is balanced with an additional, 
oppositely wound, compensation coil surrounding it. Since the flux change in the 
coils due to the moving magnetic sample depends on the number of windings of the 
coil, and the flux change caused by the magnetic field depends on the coil’s total 
surface, a set of pick-up coils is designed in which the latter flux effects are 
cancelled, while the signal from the magnetized sample remains; i.e. the inner pick-
up coils have a small surface and a high number of windings, while the 
compensation coils have a smaller number of windings with a bigger surface. 
 
2.1.2 Pick-up coils used in the HFML-magnetometers 
In our magnetometers the dimensions of the pick-up coils are limited by the inner 
radius of the vacuum can r3 and the sample holder r1 (Figure 2.2). Radius r2 is then 
optimized to equalize the flux through the inner and the outer coil due to the 
magnetic field (Φ1 respectively Φ2) 
2.1 Pick-up coil-based magnetometry 
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Figure 2.1 Calculated normalized field profile β = B/Bmax (Bmax is the field in the 
centre of the coil) (solid line) and normalized field gradient dβ/dz (dashed line) of a 
typical pick-up coil (12 mm high, 3.2 mm inner diameter, 5.6 mm outer diameter, 
6120 windings). 
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( 2.4 )  
For r1 = 3.2 mm and r3 = 6.8 mm this results in r2 = 5.6 mm. 
The pick-up coils have been prepared by using our coil winder and 50 μm copper 
wire fit for thermal treatment, which coating hardens upon heating to 80°C, 
preventing the coils from unwinding. In this way we have made inner coils 
consisting of 34 layers of 180 windings and outer coils consisting of 18 layers of 180 
windings. We have designed these outer coils such that they are slightly 
overcompensating for the magnetic field flux of the inner coils. We then stepwise 
unwound the outer coils (≈ 300 windings) until they perfectly compensated the pick-
up voltage of the inner coils (less than 0.1 % difference) in a changing applied 
magnetic field. We thus yielded about 3200 effective windings for magnetic moment 
pick-up from samples. 
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Figure 2.2 Schematic representation of the pick-up coils as they are used in the 
extraction magnetometer and the vibrating sample magnetometer. 
 
To increase the measured signal and to correct for small misalignment of the pick-up 
coils with respect to the external magnetic field, we use two sets of compensated coil 
pairs that are a distance d apart. In this way, as long as the position of the external 
magnetic field centre is in the region of sample movement, we obtain an optimal 
signal, due to the symmetry of the external magnetic field and the pick-up coils; i.e. 
both pick-up coil pairs will have a different contribution to the induced voltage, 
however the summed signal remains the same. Furthermore, using such a 
combination of coil pairs introduces a homogeneous pick-up region between them, 
necessary for the VSM operation, as will be shown later. 
 
2.2 Extraction magnetometry 
2.2.1 Basics of extraction magnetometry 
It is straightforward to calculate the field profile of the complete pick-up coil set, 
consisting of two compensated coil pairs. For the given dimensions of our extraction 
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magnetization set-up, with a distance of 12 mm between the compensated coil pairs, 
the resulting profile is shown as the dashed line in Figure 2.3. As shown in Equation 
2.2, the voltage that is induced in these coils by a magnetic sample is proportional to 
the product of the speed of the moving sample and the field gradient. The sample’s 
speed dz/dt in an extraction magnetometer is constant, yielding a voltage that is 
directly proportional to the field gradient dB/dz of the pick-up coil set, for a 
constant magnetic moment, shown as the solid line in Figure 2.3. In the 
magnetization experiment this induced voltage is integrated over the period in 
which the sample moves through the coils, resulting in the measured quantity that is 
proportional to the sample’s magnetic moment. We synchronize the sample’s 
motion with the voltage integrator, which makes the size of the integrated signal 
independent of the speed of the moving sample, and only dependent on the 
absolute movement of the sample with respect to the pick-up coils. The integrated 
signal is equal to the area under the field gradient curve in Figure 2.3. We obtain a 
maximum integrated signal by moving the sample from -11 mm to +11 mm, the 
centres of both coil pairs, as is shown by the shaded area in Figure 2.3. In our 
extraction magnetization experiments we therefore move the samples from one coil 
pair centre to the other. 
 
2.2.2 The HFML extraction magnetometer 
A photograph of the complete extraction magnetization setup on top of an HFML 
Bitter magnet is shown in Figure 2.4. A 4He bath cryostat is used as a reservoir of 
liquid helium for the 4He flow cryostat which is placed inside. The helium is able to 
access the sample/probe space in the flow cryostat upon opening a small needle 
valve. Reducing the pressure in that space further controls the flow speed of the 
liquid helium, and makes is possible to decrease the temperature down to 1.4 K. In 
addition a heater is placed at the position where the helium enters the sample space, 
which makes is possible to increase the temperature of the evaporated helium to 100 
K. In order to obtain higher temperatures the bath cryostat is not filled with liquid 
helium, but only left with a helium gas atmosphere, which is cooled by the cryostat’s 
radiation shields that are at nitrogen temperature. In this way the flow cryostat is 
operated with helium gas instead of liquid helium and temperatures up to 350 K are 
obtained. The temperature stabilization is based on a capacitance that is thermally 
coupled to the evaporator, which value is negligibly influenced by the magnetic 
field. The capacitance is measured with a capacitance bridge of which the output 
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Figure 2.3 Calculated normalized field profile β (dashed line) of the pick-up coils 
used in the extraction magnetometer. The voltage that is induced by the moving 
magnetized sample is proportional to the field gradient dβ/dz (solid line). The 
maximum integrated signal (shaded area) is obtained by moving from -11 mm to 
+11 mm, which correspond to the extremes in the field profile. 
 
voltage is used to drive a heater via a digital PID-controller and as such stabilizes 
the temperature of the input helium gas. 
The extraction magnetometer is positioned inside the flow cryostat and the sample-
stick is connected to the linear motor. The sample is placed in a plastic capsule and 
immobilized by compression with an additional cylindrical spacer. The positioning 
of the sample capsule is performed with the linear motor (LinMot PS01-37x120) at 
fixed magnetic fields. The induced voltage is filtered (10 Hz, 12 dB, low pass) and 
amplified (typically 10x - 100x) with a Stanford SR-560 preamplifier. The filtered 
signal is then integrated with a Solartron/Schlumberger 7075 Digital Voltmeter over 
a period of one second, synchronized with the movement of the linear motor. The 
signals from the downward and upward extraction are subtracted from each other 
(and divided by two) to cancel any offset voltage in the system. For each magnetic 
field step five full extractions are carried out, and the average signal and its 
deviation are recorded. Due to temperature-dependent contraction and expansion of 
the sample rod, the position of the sample with respect to the pick-up coils is 
recalibrated at all temperatures, in order to re-obtain the maximal signal for an 
extraction at all magnetic fields. 
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Figure 2.4 Photograph of the extraction magnetization setup on top of a Bitter 
magnet in the High Field Magnet Laboratory in Nijmegen. 
 
This setup has been calibrated with a cylindrical nickel sample with a mass of 120.0 
mg. Using the density of nickel (8.908 g/cm3) and its saturation volume 
magnetization at 4.2 K (5.101 x 105 A/m) we have obtained a calibration constant of 
1.780 J/T per V of the output voltage of the Solartron. The sensitivity of our 
extraction magnetometer is 1 x 10-7 J/T. 
 
2.3 Vibrating sample magnetometry 
2.3.1 Basics of vibrating sample magnetometry 
According to Equation 2.2 a constant voltage is induced when a magnetized sample 
moves with a constant speed through a region with a constant field gradient. Upon 
driving the sample’s movement by an oscillator, the pick-up signal will be 
sinusoidal, with its amplitude proportional to the magnetic moment of the sample, 
the underlying working principle of a VSM. The use of a lock-in amplifier then 
introduces a phase-sensitive detection method with increased sensitivity and 
sampling rate compared to the extraction magnetometer. 
Linear motor 
Top extraction 
magnetometer 
Top He4 flow cryostat 
He4 bath cryostat 
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In the pick-up coils of the extraction magnetometer, which was described in the 
previous paragraph, there is no region with a constant field gradient. But, upon 
decreasing the distance d between the compensated coil pairs (Figure 2.5a), the field 
gradient maxima of both pairs move towards each other, eventually resulting in a 
flat field gradient in a small region around their overall centre, as is shown in Figure 
2.5b. 
We are able to calculate the induced voltage due to the oscillatory motion of the 
sample, by adapting Equation 2.2 with the time dependence of the position 
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( 2.5 )  
with f being the frequency and A the amplitude of the oscillatory motion. 
 
The main advantage of a VSM compared to an extraction magnetometer is the 
possibility for continuous measurements while changing the magnetic field. Since 
the measurement frequency is high, the magnetic moment change during each data 
point recording is negligible. In comparison, with the extraction technique one has 
to measure at fixed magnetic fields, since recording a single data point (five 
extractions) takes about 10 seconds. Furthermore, the VSM has an increased 
sensitivity compared to the extraction magnetometer, due to its linear dependence 
on the frequency. This sensitivity also has its drawback, since any distortion in the 
oscillatory motion of the sample immediately affects the measured signal. Therefore 
great care must be taken to retain the sample movement’s frequency, amplitude and 
centre of oscillation, and any vibrations of the rest of the setup should be limited. 
 
2.3.2 The HFML vibrating sample magnetometer 
The oscillatory motion of the VSM is made by a SMAC-actuator LAL-95-050-7, with 
a typical frequency of 15 - 17 Hz and amplitude of 1.0 – 2.0 mm. The sample-induced 
AC-voltage is filtered with a Stanford SR-560 preamplifier (30 Hz, 12 dB, low pass, 
100x gain) and then phase-sensitively detected with a Stanford SR-830 lock-in 
amplifier. The lock-in amplifier is triggered by a SUNX U-shaped micro photo-
electric sensor PM-L54, which senses the oscillatory motion of the VSM by a small 
pin that is connected to the central rod of the SMAC-actuator and blocks the light 
path in one of the turning points of its movement. 
 
2.3 Vibrating sample magnetometry 
 21 
 
Figure 2.5 a) Photo of the compensated coil pairs on the vibrating sample 
magnetometer with a 2.5 mm thick spacer, b) calculated normalized field profile β 
(dashed line) of the pick-up coils used in the vibrating sample magnetometer. 
Placing the coil pairs only 2.5 mm apart creates a flat field gradient region dβ/dz in 
their overall centre (solid line). An enlargement of this region shows that over a 
distance of 1.5 mm the field gradient deviates only 0.1% (inset). 
 
We have calibrated the setup with a disc-like nickel sample, mass 13.7 mg, and 
hence a saturation magnetization of 7.85 x 10-4 J/T at 4.2 K. We yielded a calibration 
constant of 0.623 J/T per V when f = 15.2 Hz and A = 1.15 mm. Currently we are 
optimizing the stability of the sample’s motion and the resulting magnetization 
signal, hence the maximum sensitivity has yet to be determined. 
 
2.4 Cantilever magnetometry 
For some magnetization signals or variations in such signal, e.g. quantum 
oscillations, the sensitivity of our pick-up coil-based magnetometers is too small and 
a different technique is used. This technique is based on the torque that a magnetic 
field induces on a magnetized sample, which flexes a cantilever on which the sample 
is placed. Because of the torque’s quadratic magnetic field-dependence a cantilever 
a) 
 
 
 
 
 
b) 
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magnetometer is best used for samples that are expected to show interesting features 
at high magnetic fields. Materials that are interesting because of magnetic hysteresis 
around zero magnetic fields are not suitable for cantilever measurements, since 
there is no magnetic torque at zero fields and it is impossible to determine the 
remanence of such materials. 
As will be explained in the next paragraph, a cantilever magnetometer can measure 
magnetic anisotropy, and makes it possible to distinguish between the 
magnetization parallel and perpendicular to the magnetic field. A magnetic moment 
that is oriented perpendicular to the magnetic field direction causes a much larger 
torque on the cantilever than it could induce in the isotropic component, parallel to 
the magnetic field. Therefore, the easiest and most-used application of torque 
magnetometers is the measurement of magnetic oscillations, e.g. due to de Haas – 
van Alphen effect9-11, or spin-flop transitions12, which have a big magnetization 
signal perpendicular to the magnetic field. The angle dependence of these signals 
can be measured straightforwardly, but the sensitivity of the cantilever is strongly 
angle dependent as well, with zero sensitivity when either the sample’s 
magnetization or the cantilever itself are parallel to the magnetic field.  
The major advantages of cantilever magnetometry over other techniques are its high 
sensitivity and the simultaneous measurement of both the isotropic and anisotropic 
part of the magnetic moment, while extraction and vibrating sample magnetometry 
measure solely the isotropic component. 
 
2.4.1 Basics of cantilever magnetometry 
The torque-sensitive magnetometer we use, is based on a cantilever, as sketched in 
Figure 2.6. By applying a magnetic field we induce the sample’s magnetic moment, 
and, in addition, the magnetic field will cause a torque on the magnetized sample, 
which will flex the cantilever. This torque consists of two contributions13: 
1) When the magnetic moment of the sample is not only induced along the 
direction of the magnetic field, but is anisotropic and therefore has a 
component m perpendicular to that field, a magnetic torque is induced, 
described by their cross product: 
 Bmτ   ( 2.6 )  
2) When a magnetized sample is placed in a magnetic field gradient, it 
experiences a Faraday force directed towards the field centre of the magnet. 
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Depending on the distance x between the sample position and the fixed point 
of the cantilever, a torque is induced, which is given by: 
   xBmτ //   ( 2.7 )  
The first contribution depends on the magnitude of the applied magnetic field B, 
while the second contribution depends on the gradient of the magnetic field B, 
which is given by the coil dimensions of the external Bitter magnet. 
The total torque  on the cantilever then is 
   xBmBmτ   ( 2.8 )  
The magnetic field gradient of a Bitter magnet is a function of the distance z to the 
field centre of the magnet and proportional to the magnetic field. Equation 2.8 can 
therefore be rewritten to 
   //mzmB     ( 2.9 )  
in which (z) is a function that depends on the geometry of the Bitter coil and the 
distance x between the sample and the point of rotation (Figure 2.6). For our 
magnetometer and the magnetic field gradient of an HFML Bitter magnet,  is in the 
order of a few percent. This clearly shows the much higher sensitivity of a torque 
magnetometer for m. 
In our cantilever magnetometer, that will be described more specifically later, both 
the cantilever and the bottom plate are metallic and separated by an insulating 
spacer. The bending of the cantilever due to the induced torque on the magnetic 
sample can therefore be measured capacitively between these two plates. 
For the resulting parallel plate capacitor the capacitance is inversely related to the 
distance between both plates following 
 
d
A
εεC 0r  ( 2.10 )  
The induced torque is proportional to the force on the cantilever, which flexes the 
cantilever over a distance Δd. We therefore determine d from C to obtain a 
quantity that is directly proportional to the sample’s magnetic moment.  
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Figure 2.6 Sketch of the cantilever magnetometer and the schematic visualization of 
the anisotropic magnetic moment. 
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( 2.11 )  
in which Cstart is the initial value of the measured capacitance. 
 
2.4.2 Calibration of the cantilever magnetometer 
A calibration coil that is placed on the cantilever is used to relate the induced 
capacitance change, and thus d, to an absolute magnetic moment. By applying a 
current I through the calibration coil, a magnetic moment is created, which in a 
magnetic field gradient results in a torque on the cantilever corresponding to 
     BNIAzBmz windingcoilcalib    ( 2.12 )  
in which N is the number of windings of the calibration coil and Awinding the surface 
of a winding. 
A typical cantilever calibration in a magnetic field of 5 T is shown in Figure 2.7, 
which was measured during the magnetization experiments on the Mn4OAc4 cluster  
d 
B, B 
m 
m 
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Figure 2.7 Calibration of the cantilever magnetometer at 115 mK in a magnetic field 
of 5 T. By a stepwise change of the current (dotted line) a stepwise changing 
capacitance is observed (solid line). The inset shows the relation between the 
induced torque on the cantilever and the resulting distance change between the 
plates. The linear fit yields a slope of -8.72 x 10-2 N.  
 
in the dilution refrigerator (see Chapter 4). The graph shows the stepwise change of 
the current through the calibration coil as the dotted line. The resulting capacitance 
change due to the torque of the induced magnetic moment in the calibration coil on 
the cantilever is shown as the solid line. Using Equation 2.12 with the applied 
current values, the magnetic field of 5 T, and a calibration coil made from 5 square 
windings of 4 by 5 mm, we calculate the induced torque on the cantilever and plot it 
versus Δd in the inset of the graph. The linear fit yields a slope of -8.72 x 10-2 N as a 
calibration constant of the cantilever. 
 
2.4.3 Determining m and m from a magnetic torque measurement 
In a cantilever magnetization experiment we always measure a torque caused by the 
combination of m and m; the ratio depending on the sample’s magnetic properties. 
The protocol we use to separate both components of the magnetic moment is now 
further explained. We need to measure the induced torque on the cantilever in at 
least two different field gradients, i.e. two different positions in the Bitter magnet 
from which the distances to the field centre are known. By using the known field 
profile and gradient for the used Bitter magnet (see Figure 2.8) we then calculate 
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Figure 2.8 Normalized magnetic field profile β (black solid line) and related field 
gradient dβ/dz (red solid line) of Cell 3 at the HFML (calibration of 18th January 
2010) versus the position along the magnetic field axis. The dotted lines indicate the 
positions at which we performed the magnetization experiments on the Mn4(OAc)4 
cluster in the dilution refrigerator. 
 
these values at the specific positions (dotted lines in Figure 2.8). Thereafter, we first 
rescale the magnetic field strength of the measurement to the value it has at those 
positions, since that differs from the magnetic field strength at the field centre, 
which is normally recorded and determined from the current that is sent through 
the Bitter magnet. The measured capacitance change is then converted into a change 
of d using Equation 2.11. 
In Figure 2.9 we schematically show the capacitance change we measured during 
the magnetization experiments on the Mn4(OAc)4 cluster in the dilution refrigerator 
(see Chapter 4). The low sensitivity of the cantilever magnetometer in the magnetic 
field range of -0.5 T to 0.5 T is clearly observable; hence we will not further use this 
range in our analysis. The dashed black line in Figure 2.9 was measured with the 
sample positioned in a positive field gradient at 10.5 mm above the magnetic field 
centre, and the red dashed line in a negative field gradient at 10.5 mm below the 
field centre. The difference in their absolute values, even though they are measured 
in the same absolute magnetic field gradient, clearly exemplifies the non-linear 
relationship between the created torque on the cantilever and the resulting change in 
capacitance. We therefore calculate the related Δd, which is directly proportional to  
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Figure 2.9 Capacitance change due the torque on the cantilever induced by the 
magnetization of the Mn4(OAc)4 cluster at 120 mK. The black dashed line was 
measured at 10.5 mm above the field centre, and the red dashed line at 10.5 mm 
below. The related Δd is plotted as the solid lines on the right y-axis. 
 
the torque, and plot them as the solid lines on the right y axis. The Δd behaviour is 
almost symmetric around zero, with the small asymmetry being caused by the error 
in the positions and the anisotropic component of the magnetization. The latter 
component has the same size and sign for both positions, since it only depends on 
the size of the magnetic field. For each set of measured torque curves there is a linear 
combination for which either the torque due to m or m is cancelled, and the other 
component remains. In the case of the cantilever measurements in Figure 2.9, 
performed symmetrically around the field centre, we subtract the two curves from 
each other, and multiply the result with the previously obtained calibration 
constant. In this way we obtain the torque on the cantilever due to the magnetic 
moment of the Mn4(OAc)4 cluster that is induced parallel to the magnetic field 
direction, shown as the black solid line in Figure 2.10. By dividing this torque by the 
applied magnetic field we obtain m of the sample, shown as the red solid line which 
is plotted on the right y-axis. The component of the magnetic moment that is 
perpendicular to the magnetic field, m, can be obtained by dividing the difference 
of the two torque curves in Figure 2.9 by the magnetic field. In the case of the 
Mn4(OAc)4 cluster measurement this yields a negligibly small signal, only including 
the cantilever’s background. 
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Figure 2.10 Induced torque on the cantilever due to m of the Mn4(OAc)4 cluster at 
120 mK (black solid line), determined by combining the results shown in Figure 2.9. 
m is obtained by dividing the torque by the applied magnetic field (red solid line on 
the right y-axis). 
 
2.4.4 The HFML cantilever magnetometer 
Our cantilevers are made from 50 μm brass foil using a printing technique. A more 
elaborate description of the design and fabrication of the magnetometer that is used 
in Chapter 4 are given in Ref. 14, and is shown in Figure 2.11. The sample is glued to 
the centre of the cantilever plate, coinciding with the centre of the calibration coil. 
The capacitance is measured with an Andeen-Hagerling AH-2700A ultra-precision 
capacitance bridge, typically using a frequency of 20 kHz, a voltage of 15 V and an 
average time exponent of 7. We have calibrated the setup with a calibration coil of 5 
windings with a total surface of 100 mm2, using current steps of 0.2 mA to ±0.8 mA. 
This yields a calibration constant of 5.4 x 10-5 Nm per pF in the maximum field 
gradient. Since we achieve a resolution of 20 aF at 5 T, this results in a sensitivity of 4 
x 10-8 J/T for the isotropic component of the magnetic moment at 5 T. As is made 
clear from Equation 2.9, the cantilever magnetometer has a larger sensitivity for the 
anisotropic component of the magnetization, which in our case is 2 x 10-10 J/T. Thus, 
compared to our extraction magnetometer that was described in the first paragraph, 
the sensitivity is increased with a factor of 25 for the magnetization’s isotropic 
component. 
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Figure 2.11 Photo of the cantilever magnetometer, used during the magnetization 
experiments on the Mn4(OAc)4 cluster in the dilution refrigerator.
 
2.5 Further improvements 
Very few improvements can be made to the presented extraction and vibrating 
sample magnetometer. The dimensions of the used pick-up coils are the maximum 
that fit inside the set-up, hence the number of windings can only be increased by 
using thinner copper wire. For our vibrating sample magnetometer the stability of 
the sample’s motion still has to be guaranteed and then any remaining vibrations of 
the rest of the set-up should be minimized. 
Torque magnetometers can be developed with various levels of sensitivity, as has 
been shown before by many others. For a capacitive cantilever magnetometer, like 
we used, the sensitivity can be increased by either making the cantilever flex more 
when a certain torque is applied, or by obtaining bigger detection signals for the 
same torque strength. The former is achieved by choosing a cantilever material, e.g. 
CuBe,15 with a smaller Young’s modulus, i.e. stiffness, or by decreasing the thickness 
of the cantilever. The latter increased signal strength is accomplished in 
microcantilevers,16 which are produced by molecular-beam epitaxy, lithography and 
wet-etching, resulting in an 80 μm distance between the capacitor plates, which 
enhances the change of the capacitance upon flexing of the cantilever. Since our 
cantilever magnetometer is used for big samples, with areas of several mm2, the 
most straightforward sensitivity improvement can be made by creating cantilevers 
MMCX connectors 
bottom plate / PCB 
sample position / 
calibration loop 
top plate / 
cantilever 
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from 25 μm thick CuBe foil, with a small Young’s modulus, which are currently 
being developed at the HFML. 
Of course, different torque detection techniques can also be applied to obtain a high 
sensitivity. Most common are piezoresistive microcantilevers17, that are 
commercially available, or the use of an optical detection technique, e.g. fibre optic 
interferometry for cantilever magnetometers.18 In the most-sensitive, optical torque 
magnetometer of the HFML, plate-like samples of interest are mounted on a torsion 
wire.19 Due to the magnetic torque on the sample, it rotates, which changes the 
reflection of a laser beam on the backside of the sample, which is optically detected 
by the movement of the laser spot on a quadrant detector. By applying a current 
through a feedback loop that is mounted on the sample, the laser spot displacement 
can be counteracted, and the magnetization of the sample is determined directly 
from the applied current. 
As has been shown recently20,21, the sensitivity of torque magnetometers for m can 
be largely enhanced when a small permanent magnet is placed as close as possible 
to the sample on the magnetometer, which strongly increases the local magnetic 
field gradient. 
Finally, when the resolution per mm2 sample surface is determined for the various 
torque magnetometers that are available nowadays, it becomes clear that they only 
vary over one order of magnitude.19 Hence, the sample size is the factor that mainly 
determines which torque magnetometer is preferably used to obtain maximum 
resolution in a magnetization experiment. 
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Chapter 3: Ligand-Controlled 
Magnetic Interactions in 
Mn4 and Co4 Clusters 
Understanding and controlling magnetism on a molecular scale are key research 
topics of modern material science, with SMMs such as Mn12, Fe8 and V15 clusters as 
the most prominent examples1-3. Most of these compounds are found 
serendipitously and although their magnetic properties can be explained they have 
not been predicted. We have designed magnetic molecules in which the exchange 
interaction between adjacent metal ions is controlled by electron density withdrawal 
through their bridging ligands. Toward this goal we have synthesized Mn4 clusters 
in which the choice of the bridging carboxylate ligands determines the type and 
strength of the magnetic exchange coupling between the metal ions. This chapter 
quantitatively proves this concept by explaining the experimentally measured 
magnetic moments of our Mn4 clusters with different ligands. These results are 
further supported with density-functional theory calculations using the 
crystallographic structure, an analytical model based on a spin square structure and 
numerical calculations that give an in-depth intramolecular exchange interaction 
scheme. We end the chapter by qualitatively describing the magnetic properties of 
closely related Co4 clusters. Their magnetic anisotropy and changed intramolecular 
exchange interactions are explained by taking the d3 electron configuration of the 
cobalt ions into account. 
 
Part of this work has been published in: 
Kampert, E., Janssen, F.F.B.J., Boukhvalov, D. W., Russcher, J. C., Smits, J. M. M., de 
Gelder, R., de Bruin, B., Christianen, P. C. M., Zeitler, U., Katsnelson, M. I., Maan, J. 
C., and Rowan, A. E. Inorg. Chem. 48, 11903 (2009). 
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Gelder, R., de Bruin, B., Christianen, P. C. M., Rowan, A. E., Katsnelson, M. I., Maan, 
J. C., and Zeitler, U. Journal of Physics: Conference Series 200, 022022 (2010). 
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3.1 Mn4 clusters 
3.1.1 Chemical structure 
The magnetic molecules of this chapter’s interest are based on a pentadentate 
pyridine-diimine-type ligand4 (LH2) with a chemical structure as shown in Figure 
3.1. This ligand has been studied in great detail in various organometallic systems 
within our Department of Organic Chemistry5 and is able to coordinate two metal 
ions. Additionally, various carboxylates can be chosen to bridge these coordinated 
metal ions while the structure of the resulting cluster remains intact. For the 
manganese clusters we use acetate, benzoate and trifluoroacetate as bridging 
ligands, because of their increasing range in electron density withdrawing character 
and similarity in size. In this way, the cluster’s molecular structure remains 
practically unaffected upon replacing the carboxylate ligand, and the differences in 
magnetic character are only due to the electronic properties of the ligands. 
For the synthesis of our Mn4 cluster with acetate ligands we reacted 2,6-
diacetylpyridine with 2-aminophenol in the presence of two equivalents of 
Mn(OAc)2· 4H2O yielding a microcrystalline material containing the Mn4 cluster 1. 
Recrystallization from dimethylformamide/pentane gave crystals suitable for X-ray 
diffraction. The crystal structure deduced from this experiment is shown in Figure 
3.2a with its [Mn4O4] core schematically visualized in Figure 3.2b. These figures 
display a cubic core, with 3-bridging oxygen atoms provided by the four phenolate 
residues of the pyridine-diimine ligands (Oph), two chelating acetates in the 
equatorial planes and two bridging acetates in the axial positions. We distinct two 
types of Mn centres in the cluster: one with a pentagonal bipyramidal geometry 
bound inside L (Mnin) and one type with an octahedral geometry bound outside L 
(Mout). The measured Mn-O and Mn-N bond lengths are in good agreement with the 
reported values for MnII-N and MnII-O distances6 and show unambiguously that the 
core of our cluster is formed by four MnII ions with five unpaired electrons per ion. 
The benzoate variant of the cluster, Mn4 cluster 2, was prepared by reacting 
Mn(H5C6COO)2·2H2O with 2,6-diacetylpyridine and 2-aminophenol. The addition of 
5 equivalents of trifluoroacetic acid to a solution of 1 in methanol yielded Mn4 
cluster 3 with four trifluoroacetate ligands. It is important to note that the [Mn4O4] 
core remains intact upon ligand variation. Hence, all modifications of the magnetic 
properties are attributed to the influence of the ligands on the electronic orbitals 
alone. Details of the synthesis of these compounds can be found in Ref. 7. 
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Figure 3.1 Molecular structure of the pyridine-diimine-type ligand LH2 and its two 
metal binding sites, occupying the equatorial positions in the Mn4 clusters. 
 
The existing literature on magnetic molecules containing a [MnII4O4] cubane core 
like our Mn4 clusters is quite limited. The few examples consisting of a core with 
exclusively MnII ions show magnetic exchange interactions in the range of +0.4 K to 
–5.9 K between all individual metal ions.8-13 Extensive research has been done on the 
mixed-valence variant of this core that resembles the water-oxidizing complex in 
photosystem II, which enables plants to oxidize water to dioxygen.14 This research 
has shown complicated magnetic behaviour with both antiferromagnetic and 
ferromagnetic exchange interactions within photosystem II mimics.15 Therefore, 
elucidating the magnetic properties of our specific Mn4-based cluster and its variants 
with different carboxylate ligands may clarify the generic magnetic behaviour of 
tetranuclear manganese clusters (such as photosystem II) in general. 
 
3.1.2 Extraction magnetometry results 
For a full magnetic characterization of our three Mn4 clusters with different ligands 
we have measured the magnetization in terms of magnetic moment per cluster of 
three powdered samples at temperatures T = 4 … 300 K and magnetic fields up to 31 
T using an extraction magnetometer.16 The results for 1, 2 and 3 are shown in Figure 
3.3a, b and c, respectively; Figure 3.4 displays the low-temperature (T = 4.2 K) 
magnetic-moment isotherms for all three samples. All curves start with a finite slope 
and slowly approach saturation at the highest magnetic fields and the lowest 
temperatures, a behaviour that is typical for a molecular magnet dominated by 
antiferromagnetic inter-ion exchange. The clusters start off in a nonmagnetic S = 0 
ground state at low fields and saturate in an S = 10 state at high fields, where the 
Zeeman energy of each individual manganese ion in the cluster dominates the 
antiferromagnetic interactions between them. All twenty unpaired electrons in the 
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Figure 3.2 a) ORTEP representation of 1 with thermal ellipsoids set at 50% 
probability. The three DMF crystal solvent molecules and hydrogen atoms are 
omitted for clarity; b) Schematic representation of the distorted cubane-like core 
consisting of four manganese ions, four phenolate oxygens and four carboxylate 
ligands and the three different exchange interaction paths between the ions J1 (blue), 
J2 (green), J3 (orange). 
 
Mn4 cluster then have their spins aligned parallel to the magnetic field. Key 
differences between the magnetic properties of our three types of Mn4 clusters are 
visualized in their low-temperature magnetic-moment isotherms displayed in 
Figure 3.4. The acetate-bridged cluster 1 has the largest intramolecular 
antiferromagnetic interactions, resulting in the smallest slope at low magnetic fields. 
When electron density is withdrawn from the [Mn4O4] core by the benzoate ligands 
in 2 this coupling is decreased, as demonstrated in the increased slope. Even 
stronger electron density withdrawal by the trifluoroacetate ligands in 3 results in a 
largely increased slope at low magnetic fields, which approaches the magnetization 
behaviour of four independent S = 5/2 Brillouin paramagnets per cluster, in which 
no antiferromagnetic interactions are present at all. 
The antiferromagnetic character of the Mn4 clusters is also observed in their low-
field volume susceptibilities defined as the derivative of the magnetic moment per 
unit volume with respect to the magnetic field. For 1, 1 gradually increases from 
A B 
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D 
a) 
 
b) 
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Figure 3.3 a) Magnetization of 1, fits (solid lines) obtained with J1 = -2.2 K , J2 = -1.1 K 
and J3 = -0.1 K; b) Magnetization of 2, fits obtained with J1 = -1.9 K, J2 = -0.1 K and    
J3 = 0.2 K; c) Magnetization of 3, fits obtained with J1 = -0.6 K, J2 = -0.3 K and              
J3 = 0.1 K. Inset: The intramolecular exchange interactions are visualized in the 
distorted [Mn4O4]-core. The radii of the rods that connect the manganese ions reflect 
the strength of the magnetic exchange interactions. 
CH3 
C6H5 
CF3 
a) 
b) 
c) 
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Figure 3.4 Magnetic moment of 1 (), 2 () and 3 () and a fully decoupled S = 5/2 
Brillouin paramagnetic system () at 4.2 K. Inset: Temperature dependencies of the 
volume magnetic susceptibilities of the Mn4 clusters and the calculated 
paramagnetic susceptibility of an S = 5/2 Brillouin paramagnetic system. 
 
low temperatures through the Néel point (inflection point) to a maximum and 
continues with inverse temperature behaviour toward higher temperatures (see 
inset in Figure 3.4). The volume susceptibility of 3, 3, hints toward a considerably 
smaller magnetic inter-ion coupling, it has no maximum within the measured 
temperature range. Its absolute value, however, still falls below the value expected 
for an uncoupled system of four S = 5/2 Brillouin paramagnets, indicating that some 
net antiferromagnetic interaction is still present in the trifluoroacetate-bridged Mn4 
cluster. Finally, the susceptibility of 2, 2, falls between that of 1 and 3 positioning its 
antiferromagnetic inter-ion coupling between the values for these two compounds. 
Both the isothermal magnetic-moment measurements and the derived volume 
susceptibility show that changing the carboxylate ligands of the Mn4 cluster from 
acetate to benzoate and trifluoroacetate decreases the antiferromagnetic 
intramolecular coupling. Therefore, we already conclude that increasing the 
electron-withdrawing strength of the bridging ligands affects the orbital overlap of 
the [Mn4O4] core such that these exchange interactions are decreased. Since our 
ligand variation only results in minor changes to the crystal structures, all 
differences in the magnetic behaviour are related to altered electron-withdrawal by 
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the ligands. The typical intermolecular distance in our clusters is about 8 Å. Hence, 
intermolecular magnetic couplings make a negligible contribution to the measured 
magnetic interactions and only intramolecular interactions have to be taken into 
account in our detailed analysis. 
 
3.1.3 Exchange interactions from density-functional theory calculations 
For a more quantitative analysis of the measured magnetization data in terms of 
exchange interactions between the manganese ions, we have performed density 
functional theory (DFT) calculations where we evaluate the electronic structures of 
the strongest and weakest antiferromagnetically coupled Mn4 clusters 1 and 3 using 
the LDA+U method17,18 realized in the ASA-LMTO code Stuttgart-47.19,20 We have 
used the same parameters as described in more detail in previous work21,22 and have 
based the value of the Coulomb repulsion in the calculation of the density of states, 
U = 6 eV, on the distance between the manganese 3d bands and the 2p bands of the 
oxygens in the cubane-like cores.23 The resulting electronic structures of the clusters 
are shown in Figure 3.5a and b and agree well with previous experimental and 
theoretical results for other manganese-based SMMs.24,25 Such broadened Mn 3d 
bands in the calculated spectra have also been experimentally observed in a Mn6 
cluster and a Mn12 cluster with aromatic ligands. The overlap of the Mn 3d bands 
and both O 2p bands indicates that all oxygens contribute to the magnetic exchange 
interactions. The 2 eV distance between the main peaks of the Mn-spectrum (located 
at -4 eV) and the O1-spectrum (located at -6 eV) is typical for a SMM electronic 
structure. As noted above, the value of the exchange interaction depends on the 
overlap of the occupied electronic orbitals of the magnetic ions. Exchanging the 
acetate ligands by more electron-withdrawing trifluoroacetates moves the Mn 3d 
band lower on the energy scale, thereby changing the overlap such that the 
intramolecular magnetic exchanges between the manganese ions are decreased. 
Next, we have used the obtained DOS results to calculate the exchange interactions 
between the four manganese ions using the magnetic force theorem, which varies 
the total energy at small spin rotations.26 On the basis of the clusters’ symmetry, 
three different exchange interaction pathways are identified (see Figure 3.2b): an 
interplane interaction J1 between non-equivalent carboxylate chelated Mn atoms (B 
or D) bridged only via the phenolate oxygen atoms (OPh) to the Mn atoms bound to 
an L2- ligand (C or A) with Mn-OPh-Mn angles of ~103-105º; an in-plane interaction J2 
over the carboxylate-bridged Mn atoms A-B and C-D with Mn-OPh-Mn angles of 
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Figure 3.5 The densities of the manganese 3d (red) and oxygen 2p states of a) 1 and 
b) 2 obtained from DFT calculations. The oxygens are divided into two groups:      
O1 (green) are oxygens between the manganese ions in the cubane core, O2 (blue) 
connect the manganese ions with the carboxylate ligands. 
 
~90-94º; and the interplane interaction J3 between two sets of equivalent ions (A-C 
and B-D). The calculations yield relatively large interplane antiferromagnetic 
exchange interactions J1 (J1 = -3 K for 1 and J1 = -1 K for 3); the in-plane 
antiferromagnetic exchange couplings J2 are smaller than J1 (J2 = -1.5 K for 1 and J2 = 
-0.5 K for 3). Finally, the interplane exchange interaction constants between 
equivalent Mn ions show a small ferromagnetic coupling (J3 < 0.5 K for both 
clusters). These calculations confirm both the experimental results where the 
magnetic moment of 3 increases much faster than that of 1 and the DFT-results with 
increased Mn-O overlap for 3 and thus a weakened inter-ion coupling. 
 
a) 
b) 
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3.1.4 Exchange interactions from analytical fits using the Shapira model 
Since DFT tends to overestimate the values for exchange constants27 we have 
additionally fit our measured magnetic-moment isotherms analytically using the 
Shapira model28,29 and numerically using the program julX (paragraph 3.1.5 ). For 
this, the large range of magnetic fields and temperatures used in our experiments is 
crucial to produce a reliable combination of parameters exactly fitting the 
measurements. We corrected for the diamagnetic background by taking the 
difference of the high temperature magnetic-moment isotherms and the theoretical 
Brillouin function. 
The strength of the analytical Shapira model is that the spin Hamiltonians 
corresponding to various specific spin structures are solved exactly, which makes 
further calculations straightforward and fast. All 1296 spin energy levels of our Mn4 
clusters and their Zeeman splitting in a magnetic field are easily calculated, and 
Boltzmann statistics determine their temperature dependent population. These 
energy levels and their populations are also used for further analysis, e.g. EPR or 
low temperature magnetization measurements (see Chapter 4). A drawback of the 
Shapira model is its oversimplification, allowing only one antiferromagnetic 
exchange coupling strength J to be used for all intramolecular interactions within the 
chosen spin structure. Based on the molecular structure of our Mn4 clusters and the 
obtained DFT results we would at least expect a difference in the intra- and 
interlayer interaction strengths. However, for small differences in the absolute 
values of these two couplings this simple model still provides reliable results, as will 
be shown. 
For an impartial interpretation of the measured magnetization data we first 
determine which spin structure offers the most appropriate representation of the 
Mn4 clusters, taking the Mn4(OAc)4 cluster 1 as a prominent example. We have 
therefore based our fits on three types of spin quartets, which best resemble the 
cubane-like structure of the [Mn4O4] core. These types are schematically depicted in 
Figure 3.6: two separated spin dimers with only one magnetic interaction in each 
pair, a spin tetrahedron with interactions between all magnetic centres and a spin 
square in which every centre interacts with only two of its neighbouring centres, 
which corresponding spin Hamiltonians are found in Ref. 28 and 29. We have fitted 
the complete set of magnetization isotherms of Mn4 cluster 1 with each of the three 
spin quartet models, using only the exchange interaction J as a fit parameter. 
Differences between the fits for these spin quartets are best visualized in the 
Chapter 3: Ligand-Controlled Magnetic Interactions in Mn4 and Co4 Clusters 
 42 
 
Figure 3.6 Spin quartet types resembling the [Mn4O4] core and its intramolecular 
magnetic interactions. The closed circles represent the spin centres and the solid 
lines between them the exchange interactions J. 
 
residuals of the measured isotherms and the obtained fits, which are shown relative 
to the saturation magnetization msat for 4.2 K and 59 K in Figure 3.7a. At low 
temperatures the spin dimer model gives a large underestimation of m at low 
magnetic fields and an overestimation at high magnetic fields near the approach to 
its saturation value, while at higher temperatures this model shows a lower m for all 
magnetic fields. At low temperatures, the spin tetrahedron model, however, results 
in large overestimations at both low and high magnetic fields and at higher 
temperatures this model only largely overestimates m at high magnetic fields. 
Clearly, the best fits with the smallest residuals for both temperatures are obtained 
with the spin square model for J = -1.69 K, where only a small overestimation at high 
magnetic fields and low temperatures remains. This is in good qualitative agreement 
with the DFT results in the previous paragraph, which also imply an overall 
antiferromagnetic interaction in a spin square-like arrangement. The sensitivity of 
the spin square fits for variation of J is shown in Figure 3.7b, where the relative 
residuals for optimized J and those for optimized J ± 0.10 K are plotted for 4.2 K and 
59 K. Then the maximum relative residuals increase to 5 % for both higher and lower 
J, which visualizes the rather high sensitivity of this model to exchange constant 
variation. This value of J is in very good agreement with the average exchange 
coupling of -2 K obtained from DFT calculations, and within the range +0.4 … –5.9 K 
reported for other [Mn4O4] cubane complexes. Thus, we conclude that the Shapira 
spin square model, consisting of four dominant antiferromagnetic couplings,  
= 
Spin tetrahedron 
Spin square Two spin dimers 
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Figure 3.7 Relative residuals at 4.2 K (black) and 59 K (red) of a) optimal exchange 
constant per spin quartet type: J = -3.05 K for two spin dimers (closed circles),            
J = -1.74 K for spin tetrahedron (closed stars) and J = -1.69 K for spin square (closed 
squares); b) exchange constant variation for spin square: J = -1.69 K (solid line),          
J = -1.59 K (dashed line) and J = -1.79 K (dotted line). 
 
provides us with a good and simple description of the magnetic properties of cluster 
1, although it disregards the possibility of having different exchange interaction 
strengths in the cluster. 
 
3.1.5 Exchange interactions from numerical fits using julX 
To perform an in-depth magnetic analysis, involving multiple intramolecular 
magnetic interactions within the Mn4 clusters, we have to rely on numerical 
calculations. We use the program julX, which is able to solve the spin Hamiltonian 
for structures containing up to four spin centres and all possible magnetic 
interactions between them, via numerical matrix diagonalization. Our fits use the 
known clusters’ symmetry and the DFT results we have obtained before to their full 
advantage; we use three independent exchange interaction constants as fit 
parameters: J1, J2 and J3 as defined in paragraph 3.1.3  and schematically shown in 
Figure 3.8. 
 
a) b) 
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Figure 3.8 Schematic representation of the [Mn4O4]-core with the four manganese 
ions, four phenolate oxygens and the three different exchange interaction paths 
between the ions: J1 (blue), J2 (green), J3 (orange). 
 
In order to obtain the magnetization as a function of magnetic field and temperature, 
julX solves the spin Hamiltonian: 
       
ns
i
iDBCA3DCBA2CBDA1 BSSSSSSSSSSSSSH BgμJJJ 222  ( 3.1 ) 
The solid lines in Figure 3.3a show the best fits to the model for sample 1 with 
exchange interaction constants J1 = -2.2 K, J2 = -1.1 K and J3 = -0.1 K. These values 
agree quantitatively with the DFT-results, with two main antiferromagnetic 
interactions of which one is about twice the size of the other and negligible coupling 
between the equivalent manganese ions. Averaging J1 and J2 provides an exchange 
coupling that agrees perfectly with the value of -1.69 K found by the Shapira model. 
The results for 2 (solid lines in Figure 3.3b) yield interaction constants J1 = -1.9 K, J2 = 
-0.1 K and J3 = +0.2 K when julX is used. The exchange coupling resulting from the 
Shapira model for a spin square structure is J = -1.1 K. However, for this case, a 
better fit is obtained for a double spin dimer with J = -2.0 K, which again agrees 
quantitatively with the numerically obtained values, with only one strong 
interaction and two negligibly small interactions present. 
The fits for 3 in Figure 3.3c yield exchange interaction constants J1 = -0.6 K , J2 = -0.3 
K, J3 = +0.1 K. Using the Shapira model we now obtain a value of J = -0.5 K as the 
optimized exchange coupling constant for the spin square structure, which matches 
with the average value of J1 and J2. When comparing the fit results of the Shapira 
model and the numerical method used by julX for all our clusters we see a perfect, 
SB SA 
SD 
SC 
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qualitative agreement and averaging the exchange couplings J1 and J2 provides us 
with a good quantitative agreement too. For a fast access to intramolecular exchange 
constants underlying the results of a magnetization experiment on a new sample, 
the Shapira model is recommended, as long as the spin structure resembles a simple 
spin dimer, triplet or quartet. For a full and more accurate determination of the 
coupling constants julX should be used, which optimizes the fits for all types of spin 
structures, with a maximum of four interacting spin centres and six magnetic 
interactions. 
 
3.1.6 Conclusions 
Using these results we safely assign the exchange interactions of cluster 1 being 
dominated by two mainly antiferromagnetic interactions J1 and J2 between the non-
equivalent manganese ions A – B and C - D, while the J3 couplings between the 
equivalent manganese ions are small. The coupling scheme of 2 is similar to that of 1 
with reduced values for the large antiferromagnetic exchange constants due to the 
increased electron-withdrawing character of the benzoate ligands. Cluster 3 shows 
the same decreasing trend for the antiferromagnetic couplings J1 and J2. The 
tendency of J3 to evolve toward a ferromagnetic interaction shows the electron 
density withdrawing effect of the benzoate and trifluoroacetate ligands with respect 
to the acetates. However, it is yet too small to have a clear effect on the magnetic 
character of the cluster, and is unable to overcome the larger antiferromagnetic 
interactions that govern the clusters’ magnetization in high magnetic fields. 
Preliminary DFT calculations on Mn4 clusters with even more electron-withdrawing 
ligands, e.g. pentafluorobenzoate, indicate the possibility of further enhancement of 
these ferromagnetic interactions. The large antiferromagnetic interlayer interactions 
J1 could be overcome by chemical modification of the LH2 ligand, e.g. addition of 
electron-withdrawing groups to the phenolate rings. Toward these goals research is 
ongoing. 
 
3.2 Co4 clusters 
3.2.1 Chemical structure 
Until now we have merely considered Mn4 clusters and the effect that ligand 
substitution has on their magnetic properties. The MnII ions inside these clusters’ 
cores have five unpaired electrons per ion, one electron per d-orbital, resulting in a 
magnetically isotropic character. Anisotropy could therefore be induced by a 
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reduction of the number of unpaired electrons per metal ion, either by changing the 
redox state of the manganese centre, or by changing the metal ions to another 
transition metal. We followed the latter approach and synthesized cobalt(II) clusters 
with formate, acetate, trifluoroacetate or pentafluorobenzoate (PFB) as axial and 
equatorial carboxylate ligands. In addition we have made the Co4(OAc)4(LCl)2 
cluster with a chloride attached to the para-position of the pyridine in the central 
pyridine-diimine-type ligand (Figure 3.9), which increases the electron density 
withdrawing strength towards the cobalt ion it coordinates to. Crystallographic 
measurements provided us with bond lengths and angles that are similar to those 
that are observed in the Mn4 clusters; hence they can be regarded as isostructural. 
Any differences in the magnetization behaviour are therefore directly related to the 
changed metal ions and ligands. 
 
3.2.2 Sample preparation 
We start with describing how the sample preparation affects the extraction 
magnetometry results of the Co4(OAc)4 cluster, cluster 4, at 4.2 K, and thereafter 
continue with a comparison of the results we obtained for the various Co4 clusters. 
When we use a sample of polycrystalline Co4 cluster material, directly obtained from 
recrystallization after the metal-organic synthesis, we observe a hysteresis in the 
magnetization as is shown by the black curve in Figure 3.10. The hysteresis starts on 
the down-sweep from the highest magnetic field that was used in the experiment 
and ends at zero magnetic field. A subsequent measurement results in a non-
hysteretic curve, fully coinciding with the down-sweep of the first measurement. 
Upon grinding the Co4 cluster crystallites into fine powder we decrease this 
hysteresis considerably, visualized in the red curve in Figure 3.10. Finally, the green 
curve shows that by immobilizing powder of 4 we are able to completely prevent 
the hysteretic behaviour. We thereby mix the powder with melted paraffin at 60 °C 
and subsequently cool the mixture to room temperature, in order to obtain a rigid 
pellet. These observations clearly indicate that the observed hysteresis is caused by a 
magnetic-field-induced alignment of small crystallites in the sample due to their 
magnetic anisotropy, orienting the crystallites with their easy axis of magnetization 
along the magnetic field direction. This reorientation is prevented upon 
immobilization in paraffin or by considerable grinding until the crystallites are too 
small to be magnetically aligned. From these results we qualitatively conclude, that  
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Figure 3.9 Molecular structure of the pyridine-diimine-type ligand LCl, occupying 
the equatorial positions in the Co4(OAc)4(LCl)2 cluster. 
 
by changing the central metal ions from manganese to cobalt we have created a large 
magnetic anisotropy in the cluster. 
 
3.2.3 Extraction magnetometry results 
By using our method for sample immobilization, we are able to focus on the 
magnetization results in relation to the molecular structure of our various Co4 
clusters (Figure 3.11), starting with cluster 4. This cluster shows a steadily increasing 
magnetic moment in magnetic fields up to 30 T (black curve in Figure 3.10 and 
Figure 3.11). Up to 20 T its magnetic susceptibility decreases with magnetic field, 
after which it remains constant, appearing as a linear increase of the magnetization 
with magnetic field. Due to the uncertainty in the molar mass of the cluster, 
depending on the possible presence of crystal solvent molecules, we estimate an 
error in the measured magnetic moment of ~10 %, which complicates a full 
quantitative analysis. Nevertheless, it is clear that magnetic saturation is not 
observed; at 30 T a magnetic moment of 9 µB/cluster is reached, only 75 % of the 
expected saturation moment for four combined S = 3/2 spin centres, yielding 12 
µB/cluster. Upon comparing the magnetic behaviour of 4 with four uncoupled S = 
3/2 Brillouin paramagnets (black dashed line in Figure 3.10) we see a smaller 
magnetic moment for the complete magnetic field range. Undoubtedly, the overall 
magnetic character of 4 is antiferromagnetic. 
A comparison of 4 with the Mn4 clusters 1, 2 and 3 (blue, cyan and magenta line, 
respectively, in Figure 3.10), rescaled to their saturation values, shows a low-field 
behaviour, below 10 T, in-between that of 2 and 3. Therefore, we expect the 
underlying antiferromagnetic interactions to be in the range of the main interactions 
we obtained from the fits for those two clusters: between -0.5 and -1.0 K. 
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Figure 3.10 Magnetic moment of polycrystalline (black), powdered (red) and powder 
in paraffin (green) of 4 at 4.2 K, plotted on the right y-axis. A fully decoupled S = 3/2 
Brillouin paramagnetic system is shown as the dashed line. For comparison, the 4.2 
K magnetic moment isotherms of the Mn4 clusters 1 (), 2 () and 3 () clusters are 
plotted on the left y-axis. 
 
The Co4 clusters with trifluoroacetate, cluster 5, (red line in Figure 3.11), 
pentofluorobenzoate, cluster 6, (green line) and formate, cluster 7, (blue line) as 
carboxylate ligands, as well as the Co4(OAc)4 cluster with the LCl ligand, cluster 8, 
(magenta) show a similar magnetic behaviour when compared with 4; a relatively 
fast magnetic moment increase for magnetic fields up to 10 T and a linear increase 
for fields higher than 20 T. Cluster 7 shows a reduced magnetic moment for the 
magnetic field range between 5 and 15 T with respect to 4 (blue line). A bigger 
difference is observed for 5 (red line), which magnetization is smaller for all 
magnetic fields. In contrast, 6 (green line) has a larger magnetic moment for all 
magnetic fields. Finally, 8 (magenta line) has a smaller magnetic moment than 4 for 
fields up to 15 T. In terms of antiferromagnetic exchange interaction strengths we 
therefore distinguish the slowly decreasing trend: Co4TFA4 - Co4(OAc)4(LCl)2 - 
Co4formate4 - Co4(OAc)4; and then a bigger decrease for the Co4PFB4 cluster. 
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Figure 3.11 Magnetic moment of 4 (black), 5 (red), 6 (green), 7 (blue) and 8 (magenta) 
at 4.2 K. 
 
3.2.4 Qualitative interpretation of the magnetization measurements 
Since we only have one magnetic moment isotherm per Co4 cluster variant, fitting 
by using either the Shapira model or julX is inappropriate and excessive, and neither 
method yields a linearly increasing magnetization signal, that we observe at high 
magnetic fields. Hence, we will discuss the obtained results in terms of weakened or 
strengthened intramolecular interactions with respect to the Co4(OAc)4 cluster 4. In 
this way, we interpret the data by combining the crystal field splitting diagrams of 
the cobalt ions and the directional, electronic effect of the ligand change. 
All clusters that we studied have two types of coordination geometries for the d-
metal ions in their cores, a pentagonal bipyramidal geometry for the ion bound 
inside the pyridine-diimine-type ligand and an octahedral geometry for the ion to 
which it is bridged to via a carboxylate ligand. The crystal field splitting diagrams 
for both geometries are shown in Figure 3.12.  
For the Mn4 clusters we have measured a magnetization saturation value of 20 
µB/cluster before, indicating a high spin electronic configuration. Hence, with five 
unpaired d-electrons per manganese(II) ion, this results for both geometries in one 
electron occupying each of the possible d-orbitals. In the case of the Co4 clusters each 
cobalt(II) ion contains seven d-electrons. Because the magnetization saturation 
values of these clusters should be larger than the already obtained magnetization 
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Figure 3.12 Crystal field splitting diagrams with the electronic configuration for both 
possible geometries of the CoII ions in the cluster’s core. 
 
values of 9 µB/cluster at 30 T, we know that each cobalt(II) ion has more than two 
unpaired electrons contributing to the magnetic moment. Combined with the 
observed high spin configuration of the structurally equal Mn4 clusters, we therefore 
reliably treat the Co4 clusters as high-spin clusters as well, and fill the orbitals with 
electrons accordingly (arrows in Figure 3.12). For the pentagonal bipyramidal Co 
ions this results in unpaired electrons in the dxy, dx2-y2 and dz2 orbitals. The 
octahedral Co ions then have an unpaired electron in both the dz2 and dx2-y2 orbitals 
and either the dxy, dxz or dyz orbital. Because of the shapes of these d-orbitals, 
changing the carboxylate ligands of the Co4 cluster or the para-substituent on L will 
only have an electronic effect on orbitals that have electron density in a particular 
direction. In this way we are able to explain the measured magnetic moments with 
weakened or strengthened, ferro- or antiferromagnetic, in-plane or interplane 
intramolecular interactions. 
For both the TFA- and formate-bridged Co4 clusters (5 and 7) reduced magnetic 
moments were measured when compared to 4. Similarly to the previous analysis of 
the Mn4 clusters, we allocate this change to the electron-withdrawing effect of both 
ligands, which weaken the magnetic interactions between the cobalt ions. Since we 
measured reduced magnetization behaviour for both compounds upon the 
introduction of stronger electron-withdrawing ligands, this change must be due to 
decreased ferromagnetic interactions. Whereas both types of cobalt ions are affected 
by the carboxylate change, we are not able to assign this decrease to one of the three 
specific magnetic couplings in the cluster. Cluster 6 possesses the strongest electron-
withdrawing pentafluorobenzoate ligands and its magnetization curve is higher for 
octahedral pentagonal bipyramidal 
dxy dxz dyz 
dz2 dx2-y2 
dxz dyz 
dz2 
dx2-y2 dxy 
free ion 
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all magnetic fields, which we explain by a weakening of all intramolecular magnetic 
couplings; both the ferromagnetic and the antiferromagnetic ones. The chlorides of 8 
are expected to only withdraw electron density from the cobalt ions that are bound 
inside LCl, furthermore they mostly affect the d-orbitals with electron density in the 
xy-plane: the dxy and dx2-y2 orbital. Because the overall magnetic moment of this 
cluster is smaller than that of 4, we again allocate this to reduced ferromagnetic 
interactions. In this case we know which magnetic interactions these are, namely 
those involving the dxy and dx2-y2 orbital: the in-plane interactions between the non-
equivalent cobalt ions, labelled J2 in the Mn4 cluster analysis. 
Only the linearly increasing magnetization signal we observe at high magnetic fields 
for all Co4 cluster variants remains to be explained. This is most likely due to zero 
field splitting caused by the anisotropy of cobalt. In our powdered samples we 
measured the average Co4 cluster’s moment over all angles and thereby smear out 
all anisotropy effects. Since we have measured only one isotherm per Co variant, we 
are not able to reliably fit these results numerically, or estimate values for the zero 
field splitting parameters. 
 
3.2.5 Conclusions 
In conclusion, by changing the cluster’s metal centres from manganese to cobalt, we 
change our system from an isotropic d5 electronic configuration to an anisotropic d3 
configuration, thereby inducing magnetic anisotropy in the magnetic cluster. This 
anisotropy is observed in the magnetic-field-induced alignment of small crystallites, 
observable as a hysteresis in the magnetization curve. In addition, the linearly 
increasing magnetization signal at magnetic fields larger than 15 T can be 
interpreted by magnetic anisotropy as well, caused by zero field splitting. 
Magnetization studies on single crystalline Co4 cluster samples and at more 
temperatures are necessary to validate this explanation. 
Introducing more electron-withdrawing groups as ligands, showed a changing 
strength of the exchange couplings between the cobalt ions, which we interpret as a 
decrease of the small ferromagnetic interactions that are present in the cluster. In the 
case of Co4(OAc)4(LCl)2 cluster 8 we are able to relate this change to the altered 
electron density in the dxy and dx2-y2 orbital, responsible for the Co4 cluster’s in-plane 
magnetic interactions. Our ongoing research now focuses on the introduction of 
electron pushing ligands on the para-position of the pyridine in the pyridine-
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diimine ligands to strengthen these ferromagnetic interactions. In this way it might 
be possible to induce an overall ferromagnetic behaviour in the cluster. 
 
3.3 Overall conclusions 
Overall we conclude that by the introduction of more electron-withdrawing ligands 
in our tetranuclear clusters, we weaken the intramolecular antiferromagnetic 
exchange interactions between the metal ions. This is quantitatively shown in the 
Mn4 clusters, where changing of the carboxylate ligands from acetate to 
trifluoroacetate reduced the antiferromagnetic magnetic couplings with a factor of 
three. In the Co4 clusters the introduction of an electron-withdrawing chloride on 
the main ligand in the planes of the Co4(OAc)4 cluster reduces the ferromagnetic 
coupling that is present there. Furthermore, we introduce magnetic anisotropy in the 
cluster by altering the electronic configuration upon changing the central metal ion 
type from manganese to cobalt. This anisotropy is seen in the material’s tendency to 
align and is expected to underlie its linear high magnetic field behaviour. 
 
3.4 Future work 
The work that we presented in this chapter enables us to further fine-tune the 
magnetic properties of our molecular clusters, by placing electron-withdrawing or –
pushing groups on specific positions of the organic ligands, which provide the 
exchange interaction paths between the metal ions. For instance, the Mn4 cluster 
with pentafluorobenzoate as metal bridging carboxylate ligand is expected to have 
further reduced antiferromagnetic exchange interactions between the Mn, and might 
show an overall ferromagnetic behaviour when J3 is sufficiently strong. In addition, 
one could couple two clusters together via a conjugated side group, either via the 
carboxylate or the pyridine-diimine-type ligands, to observe a possible magnetic 
interaction between the cluster’s cores. 
Changing the central metal ions to other transition metals, with a further reduced 
number of d-electrons, will yield more magnetically anisotropic materials and 
allows us to obtain information about the anisotropy of the coupling paths. A 
possible first attempt could be a Cu4 cluster with only one unpaired d-electron per 
metal ion, which should maximize the magnetic anisotropy of the cluster and 
minimize the number of possible magnetic energy levels to only 16, easing the 
interpretation of its magnetic properties. Preferably one would like a full series of 
clusters with all possible transition metals and the same bridging ligands. After a lot 
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of synthetic work and crystallographic characterization, it should then be possible to 
explain and predict which combination of ligands and metal ions shows strong and 
overall ferromagnetic behaviour.a 
A further step could be the development of heterometallic clusters, with two 
different types of metal ions as magnetic centres, which is chemically challenging, 
but not impossible.30 Such clusters are magnetically comparable to other well-known 
mixed-valence clusters, e.g. the Mn12 cluster, which have a strong tendency to 
display the desired ferromagnetic intramolecular interactions. 
More general, efforts should be made to obtain single crystals of the synthesized 
clusters, which strongly eases the determination of their magnetic anisotropy by 
cantilever magnetometry. Preferably, solvate molecules should be absent in these 
crystals, which will both stabilize them at ambient conditions, and reduce the 
structural disorder, that affects the distribution of magnetic parameters.31 
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Chapter 4: Discrete Magnetization Steps 
in an Antiferromagnetically 
Coupled Mn4 Cluster 
In this chapter we will provide the results of more in-depth investigations on one of 
the previously introduced clusters, the Mn4(OAc)4 cluster. In particular, we have 
measured the quantum mechanical magnetic properties of this cluster using low 
temperature cantilever magnetometry in high magnetic fields. We thereby observed 
discrete steps in the magnetic moment isotherms which can be assigned to magnetic-
field-induced Zeeman-level crossings, caused by the antiferromagnetic interactions 
between the manganese centres. As we will show, the actual step positions enable us 
to determine the intramolecular magnetic exchange interaction strengths. 
Interestingly, the step positions are not precisely equidistant, which can be tracked 
down to different magnetic couplings between the individual manganese ions 
within a cluster. In addition, we experimentally observe a broadening and fading of 
the steps with increasing field, and attribute this to a spread of the energy levels in 
different clusters. This spread is caused by a statistical distribution of the average 
exchange interaction strength over the clusters that are present in the sample. 
 
4.1 Introduction 
Magnetism originates from individual magnetic moments and the interactions 
between them. In condensed matter systems, containing many interacting magnetic 
moments, it is generally regarded as a collective phenomenon, and described by 
mean-field theories.1 Magnetic molecules only contain a few interacting spins, and 
are therefore perfect intermediate systems between single magnetic moments and 
collective magnetism. In these molecules magnetic interactions play a dominant role, 
but a description in terms of individual magnetic energy levels is still possible. The 
molecule’s magnetic behaviour is determined by the magnetic field dependence of 
these energy levels, and the accompanying Boltzmann-distributed population, as 
described in Chapter 1. 
Starting with the observation of quantum tunnelling of magnetization in Mn12 the 
quantum properties of single molecular magnets (SMMs) were investigated 
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intensively in the last decades.2-9 The attention mainly focused on ferro- and 
ferrimagnetically coupled spins, resulting in high-spin ground states, and showing a 
collective magnetic bistability. Purely antiferromagnetically coupled systems were 
less often addressed, although they have great potential to be applied in spin-valves 
in which they are coupled to a ferromagnetic system via exchange bias, thereby 
pinning the magnetic orientation of the latter system.10 Only a few studies report on 
quantum mechanical phenomena in molecular antiferromagnets, with Néel-vector 
tunnelling as one of the highlights, studied by magnetic torque measurements.11-16 
The focus on antiferromagnetic molecular materials was only made in one other 
type of quantum mechanical study, concerning discrete steps in the magnetization. 
These steps are caused by the magnetic-field-induced crossing of two Zeeman levels, 
originating from spin states carrying different magnetic moments. They have been 
primarily observed in magnetic semiconductors, and, more recently, in a few 
antiferromagnetic molecules of which the ring-like Fe6 and Fe10 systems, the Cr 
wheels, [Fe(salen)Cl]2 and Fe2(C2O4)(acac)4 are the most prominent examples.17-22 
In this chapter we will show that the size of the Mn4(OAc)4 cluster’s magnetic 
moment m can be tuned with an applied magnetic field, from m = 0 belonging to the 
antiferromagnetically coupled S = 0 ground state in low magnetic fields to a fully 
spin-polarized S = 10 ground state at B = 30 T with m = 20 B. At low temperatures, 
this transition occurs via discrete magnetization steps reflecting the magnetic-field-
dependent energy level structure of the cluster. 
 
4.2 Experimental results 
4.2.1 Electron paramagnetic resonance results 
In order to characterize the spin splitting in our cluster we have performed high 
field/high frequency electron spin resonance measurements using a Bruker IFS113v 
far-infrared Fourier spectrometer combined with a 33 T Bitter magnet. The sample 
consists of a pellet made from ground crystallites containing the Mn4 clusters mixed 
with paraffin. The far-infrared radiation is coupled into the sample tube through a 4 
meter long, quasi-optical beam line with a nitrogen atmosphere, and detected using 
a custom 1.6 K silicon bolometer (IRLabs) which is mounted below the sample. Both 
the sample and the bolometer are kept at 1.6 K using a pumped helium bath 
cryostat. The instrumental resolution is set to 1 cm-1, and data is collected for 15 
minutes for each spectrum. All spectra were normalized to the zero magnetic-field 
background. The results of our high field ESR experiments are shown in Figure 4.1. 
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Figure 4.1 FIR absorption of the Mn4 cluster at 1.6 K and regular magnetic field 
intervals. Left inset: the position of the Mn4 cluster’s absorption peak shifts with 
increasing magnetic field. The line through the data shows the field dependent 
Zeeman splitting for g = 2.00. Right inset: Schematic representation of the Mn4 
cluster’s molecular structure based on its crystallographic structure. The four 
manganese ions are located at the tetrahedral positions of the [Mn4O4] core. We 
model the antiferromagnetic couplings between the Mn atoms by an isotropic spin 
square, with a coupling constant J illustrated by the red rod connections. Hydrogen 
atoms and solvent molecules are omitted for clarity. 
 
They reveal a single absorption line for magnetic fields up to 30 T, showing that all 
Zeeman levels can be characterized by a free-electron Landé factor g = 2.00. Zero-
field splitting absorption lines are absent from the measured spectra, hence can only 
be negligibly small in order to fall within the experimental resolution of the main 
absorption peak. These important findings will be used in the following to 
characterize the field dependence of the energy levels and to describe the full energy 
level structure of the Mn4 cluster using magnetization experiments. 
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4.2.2 Torque magnetometry results 
For our magnetization experiments, a pellet of made from ground Mn4 cluster and 
mixed with paraffin was placed on a cantilever magnetometer in the field gradient 
of a 33 T Bitter coil (for details see Chapter 2). A dilution refrigerator was used to 
control the temperature in the millikelvin regime. 
The Mn4 cluster’s magnetization, normalized as magnetic moment per cluster, is 
shown in Figure 4.2a for T = 105 K (black closed circles), T = 4.2 K (black dotted line) 
and T = 0.12 K (red line). The high temperature curve for T = 105 K, is characterized 
by a linearly increasing magnetization with magnetic field, which can be described 
by Brillouin paramagnetism using an effective spin Seff = 1.86 and Landé-factor g = 2. 
The difference between Seff and the expected S = 5/2 of a non-interacting Mn2+ ion 
indicates the presence of a small antiferromagnetic coupling between the Mn 
centres. For lower temperatures (4.2 K), where the antiferromagnetic coupling 
considerably exceeds kBT, the slope of m(B) is strongly reduced compared to that of 
four uncoupled S = 5/2 spins. Finally, for the lowest temperature (120 mK) where 
the thermal energy falls below the level spacing between Zeeman levels, steps start 
to appear in m(B) (Figure 4.2b). 
To enhance the visibility of the steps, we have subtracted a smooth polynomial 
background from the experimental traces. Five clear magnetization steps are 
identified, appearing as peaks in the differential curves Figure 4.3a. These peaks 
reduce in amplitude when the temperature is increased, and disappear completely 
above 1 K. Since the magnetic fields at which the steps appear provide us with 
information about the underlying energy levels, we have accurately determined 
them following two different methods. 
 
4.3 Discussion of the magnetometry results 
Most generally, the energy level spectrum belonging to the antiferromagnetic Mn4 
cluster consists of states denoted by SMS,  where S = 0 … 10 is the total spin and 
with MS = -S … S its possible Zeeman component. For the particular case of our 
clusters with four comparable couplings between Mn ions (as schematically shown 
in the cluster’s molecular structure in the right inset of Figure 4.1), we can model the 
system with the spin Hamiltonian for a spin square, as was introduced in the 
previous chapter. Given four spins S interacting with each other via four equal, 
isotropic antiferromagnetic interactions J, the energies of all spin states are
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Figure 4.2 a) Experimental magnetic moment isotherms of the Mn4 cluster at 120 mK 
(red line), 4.2 K (black dotted line) and 105 (black closed circles). For all 
temperatures the theoretical Brillouin magnetization of four uncoupled S = 5/2 
spins is shown (blue dashed lines), emphasizing the antiferromagnetic behaviour of 
the cluster. The high temperature isotherm is fitted using the Brillouin function and 
four effective spins of 1.86. Using the antiferromagnetic spin square model, a step-
like magnetization in the millikelvin regime is reproduced (black line), induced by 
the Zeeman level crossing of consecutive spin states, and the new ground state 
energy levels are indicated for the first five steps; b) First and second magnetization 
step in the 120 mK isotherm (red line) in comparison with the linear behaviour of the 
4.2 K isotherm (black dotted line). 
 
analytically determined as a function of the magnetic field. This energy level scheme 
yields degenerate states n,m  with n = 0 … 10 and m = -n … n, and at B = 0 an 
energy splitting of 2n|J| between states n and n+1. With increasing magnetic field 
Chapter 4: Discrete Magnetization Steps in an Antiferromagnetically Coupled Mn4 Cluster 
 62 
these states split into m Zeeman levels. This splitting is illustrated in the inset of 
Figure 4.3b for the four lowest-lying spin states, with the S = 0 level set equal to zero. 
The main panel of Figure 4.3 shows the lowest energy Zeeman state En,-n of each of 
these levels (dashed lines).  
At low temperatures only the ground state of the spin square is thermally 
populated, which is determined by the lowest lying energy level (red line in Figure 
4.3b). With increasing magnetic field this ground state shows abrupt slope changes 
due to the energy level crossings, directly related to steps in the magnetization. Since 
the slope difference between these energy levels is equal to gµB and their splitting at 
zero magnetic field is determined by J, we are able to determine the 
antiferromagnetic coupling through the magnetization step fields, using 
 
B
n
gμ
Jn
B
2

 
( 4.1 ) 
where n is the step number. 
Using this energy level structure, we can reproduce the experimentally measured 
magnetization with a coupling constant J = -1.69 K. This model reasonably 
reproduced the experimental features observed, which differences will be explained 
later on. In particular, at zero temperature m is given by the field-dependence of the 
ground state energy, indicated by the red solid line in Figure 4.3b. This leads to a 
stepwise increase of the magnetization (black solid line in Figure 4.2a) with 
equidistant magnetization steps at fields Bn. For higher temperatures, higher energy 
states become populated and the magnetization steps fade out, as observed 
experimentally. 
An experimental feature that is not reproduced by the simple spin-square model is 
the broadening of the magnetization steps with increasing magnetic field. While the 
calculated magnetization isotherm at 120 mK shows ten distinct steps and matching 
equal-sized peaks in the differential curve, the measured isotherms show a step-
fading with increasing field. As has been observed before in Fe18 wheels16 and in a 
Cr-dimer23, a narrow distribution in the exchange constant J broadens the 
magnetization steps, which increases with magnetic field. Since single crystalline 
Mn4 clusters were unstable due to crystal solvent evaporation, we have used 
powdered samples in our magnetization measurements. In these samples the 
molecular environment of the clusters varies per grain, in particular at the grain’s 
edge, which influences the bond lengths and angles in the [Mn4O4]-core of our 
cluster. This gives rise to small differences between the Mn4 clusters in terms of
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Figure 4.3 a) Differential magnetization curves for 120 mK (solid black line), 210 mK 
(dashed red line), 395 mK (short-dashed green line) and 612 mK (dotted blue line); 
b) Zero field splitting and magnetic field dependence of the lowest-lying energy 
levels belonging to each spin state (dashed lines) for J = -1.69 K, with the S = 0 level 
set equal to zero. The magnetic field dependence of the cluster’s ground state energy 
is displayed as the thick red line, Inset: all energy levels of the four lowest spin 
states, S = 0 (black), S = 1 (red), S = 2 (blue) and S = 3 (magenta); c) Calculated 
differential curves for the same temperature set and J = -1.69 K, taking into account a 
J broadening of 10 %. 
Chapter 4: Discrete Magnetization Steps in an Antiferromagnetically Coupled Mn4 Cluster 
 64 
intramolecular magnetic interactions, becoming more important at low 
temperatures. We take this spread of exchange coupling into account by using a 
normal distribution centred at J = -1.69 K with a standard deviation of 10 %. When 
we populate the spin square energy levels accordingly, we obtain the same 
broadened magnetization behaviour. After subtraction of a smooth background we 
are able to distinguish five magnetization steps in the resulting differential curves 
up to 15 T (Figure 4.3c), which correspond perfectly with our experimental 
observations. The temperature-dependent step broadening and field-dependent 
fading of the steps are in good agreement with the experimental results, as well as 
the positions of the underlying energy level crossings (dashed vertical lines in 
Figure 4.3b). 
A second important experimental observation is the fact that the magnetization 
steps are not strictly equidistant. Since our high-field ESR experiments show that g = 
2.00 is without zero field splitting, this implies that the positions of the 
magnetization steps directly reflect the energy level structure at zero magnetic field. 
Therefore, these energy levels are not exactly those of an isotropic spin square with 
four equivalent magnetic exchange interactions between the four manganese ions. 
This experimental fact is illustrated in Figure 4.4 where we plot the magnetization 
step fields Bn normalized to the step number n. For this, we have accurately 
determined the position of the experimentally observed magnetization steps using 
two different methods: within the first method we have located the magnetic fields 
at which the differential curve is zero and its slope is positive, representing the 
centre of the step (black closed circles in Figure 4.4). Alternatively, we have assigned 
the fields of the extremes in the differential curve, and calculated the average of 
subsequent fields as the magnetization step fields (red open circles in Figure 4.4). 
Within experimental accuracy, both methods coincide. The right y-axis of Figure 4.4 
shows the values for J that we obtain from the position of the magnetization steps 
using Equation 4.1. The decreasing trend in antiferromagnetic exchange interaction 
for increasing step number is unmistakably related to the non-equivalence of the 
four intramolecular antiferromagnetic exchange interactions in the Mn4 cluster. A 
system containing solely four equal-sized antiferromagnetic interactions can be 
described using its total spin S, which is easily determined as the sum of the 
individual spins of the magnetic centres. For systems with non-equivalent magnetic 
interactions, the vector coupling that yields this total spin is complicated. The 
degeneracy of the spin states of these systems is then lifted, lowering the energies of  
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Figure 4.4 The positions of the magnetization steps which are determined using the 
x-axis crossings of the differential curves with a positive slope (black closed circles), 
and the average magnetic fields of the oscillation extremes (red open circles) with an 
error of 25 mT. The step position Bn is normalized to the step number n. The 
obtained magnetization step fields are converted to an average intramolecular 
magnetic exchange interaction, which is plotted on the right y-axis. 
 
the higher spin states. This decreases their energy differences with the ground state 
level, hence resulting in a relative decrease of the magnetization step field with 
increasing step number n. The highest magnetization steps we observe provide us 
with an exchange constant J = -1.68  0.02 K, in good agreement with the value of J = 
-1.69 K we have obtained before from extraction magnetization measurements at 
higher temperatures. Those measurements were governed by the population of 
higher spin states as well, due to the magnetic field and temperature dependent 
Boltzmann distribution over all energy states. It is interesting to note, that for 
systems with small spin numbers and a large anisotropy of the intramolecular 
magnetic interactions, the unequal spacing of the magnetization steps becomes 
experimentally more pronounced, in principle giving access to the full magnetic 
behaviour of the cluster in only one magnetic moment isotherm. 
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4.4 Conclusions 
In conclusion, we have successfully used low-temperature cantilever magnetometry 
in high magnetic fields for the observation of quantum mechanical magnetization 
steps in a Mn4(OAc)4 cluster. We observed five magnetization steps, which positions 
are non-equidistant due to a small magnetic inequivalence of the intramolecular 
magnetic exchange interactions between the manganese ions in the cluster. The 
broadening of the steps with increasing magnetic field is explained with a small 
distribution of intramolecular exchange interactions between the clusters. From 
these results we have determined the intramolecular magnetic coupling in this 
tetranuclear antiferromagnet, obtaining a value of J = -1.68 K as the average 
antiferromagnetic spin square interaction strength. 
 
References 
 
1. Anderson, P. W. Physical Review 79, 705 (1950). 
2. Friedman, J. R., Sarachik, M. P., Tejada, J., and Ziolo, R. Physical Review Letters 76, 
3830 (1996). 
3. Thomas, L., Lionti, F., Ballou, R., Gatteschi, D., Sessoli, R., and Barbara, B. Nature 
383, 145 (1996). 
4. Sangregorio, C., Ohm, T., Paulsen, C., Sessoli, R., and Gatteschi, D. Physical Review 
Letters 78, 4645 (1997). 
5. Wernsdorfer, W. and Sessoli, R. Science 284, 133 (1999). 
6. Christou, G., Gatteschi, D., Hendrickson, D. N., and Sessoli, R. Mrs Bulletin 25, 66 
(2000). 
7. Wernsdorfer, W., Aliaga-Alcalde, N., Hendrickson, D. N., and Christou, G. Nature 
416, 406 (2002). 
8. Gatteschi, D. and Sessoli, R. Angewandte Chemie-International Edition 42, 268 (2003). 
9. Gatteschi, D., Sessoli, R., and Villain, J. Molecular Nanomagnets, (Oxford University 
Press, Oxford, 2006) 
10. Nogues, J. and Schuller, I. K. Journal of Magnetism and Magnetic Materials 192, 203 
(1999). 
11. Barbara, B. and Chudnovsky, E. M. Physics Letters A 145, 205 (1990). 
12. Chiolero, A. and Loss, D. Physical Review Letters 80, 169 (1998). 
13. Waldmann, O., Carretta, S., Santini, P., Koch, R., Jansen, A. G. M., Amoretti, G., 
Caciuffo, R., Zhao, L., and Thompson, L. K. Physical Review Letters 92 (2004). 
 
References 
 67 
 
14. Santini, P., Carretta, S., Amoretti, G., Guidi, T., Caciuffo, R., Caneschi, A., Rovai, D., 
Qiu, Y., and Copley, J. R. D. Physical Review B 71, 184405 (2005). 
15. Waldmann, O., Dobe, C., Mutka, H., Furrer, A., and Gudel, H. U. Physical Review 
Letters 95, 057202 (2005). 
16. Waldmann, O., Stamatatos, T. C., Christou, G., Gudel, H. U., Sheikin, I., and Mutka, 
H. Physical Review Letters 102, 157202 (2009). 
17  Shapira, Y. Journal of Applied Physics 67, 5090 (1990). 
18  Cornia, A., Jansen, A. G. M., and Affronte, M. Physical Review B 60, 12177 (1999). 
19  Taft, K. L., Delfs, C. D., Papaefthymiou, G. C., Foner, S., Gatteschi, D., and Lippard, 
S. J. Journal of the American Chemical Society 116, 823 (1994). 
20  Furukawa, Y., Kiuchi, K., Kumagai, K. I., Ajiro, Y., Narumi, Y., Iwaki, M., Kindo, K., 
Bianchi, A., Carretta, S., Timco, G. A., and Winpenny, R. E. P. Physical Review B 78 
(2008). 
21  Shapira, Y., Liu, M. T., Foner, S., Dube, C. E., and Bonitatebus, P. J. Physical Review B 
59, 1046 (1999). 
22  Shapira, Y., Liu, M. T., Foner, S., Howard, R. J., and Armstrong, W. H. Physical 
Review B 63, 094422 (2001). 
23.  Inoue, T., Sugiyama, K., Takeuchi, T., Nakahanada, M., Kaizaki, S., and Date, M. 
Journal of the Physical Society of Japan 61, 4566 (1992). 
  
  
  
  69 
Chapter 5: Spin Crossover of Fe Grids 
in High Magnetic Fields 
Spin crossover compounds are a class of magnetic molecules that change from a 
low-spin (LS) state to a high-spin (HS) configuration with changing temperature, or 
applied illumination, pressure or magnetic field, and therefore have promising 
application possibilities. In this chapter we determine the magnetic properties of a 
specific type of spin crossover material, which contains magnetically coupled FeII 
ions which undergo an LS to HS transition with increasing temperature. From 
magnetization measurements we determine the strength of the intramolecular 
magnetic couplings in four of these Fe grids, as well as their temperature-dependent 
degrees of spin crossover, both dependent on the electronic properties of the Fe-
bridging ligands that were used and the related Fe-N bond lengths. In addition, we 
are able to determine the magnetic anisotropies of the Fe ions in the grids, in terms 
of zero field splitting parameters. 
 
5.1 Introduction to spin crossover compounds 
A review on spin crossover materials with extensive references is available in Topics 
in Current Chemistry by editors Gütlich and Goodwin.1 This paragraph contains a 
short introduction into this field of research, explaining the basic principles 
underlying the spin crossover phenomenon, which is required to describe the 
magnetic properties of the four Fe grids that are studied in this chapter. 
 
5.1.1 Ligand field splitting 
Whether a specific transition metal complex is LS or HS depends on the competition 
between ligand field splitting and spin pairing energy. The former is the energy 
difference between the t2g and eg subsets of the d-orbitals (shown in Figure 5.1), and 
is symbolized by the semi-empirical parameter of ligand field strength (10Dq) 
usually determined from UV/Vis absorbance spectra. The ligand field strength 
depends on the nature of the ligands, the metal ion and the metal to ligand distance. 
In the most common iron(II) spin crossover compounds the metal-ligand bond 
lengths increase with 5 to 10 % when changing from LS to HS. This is due to the fact 
that all six d-electrons reside in the non-bonding t2g orbitals in the LS state, while in 
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the HS state two electrons occupy the anti-bonding eg orbitals. Besides the spin 
configuration, the ligand field strength also determines the stability, reactivity, 
structure and magnetic and optical properties of a compound. 
For systems with more than one electron, electron-electron repulsion results in an 
additional spin pairing energy (). Depending on the relative values of 10Dq and , 
the system is in a LS or a HS state (Figure 5.1). When 10Dq in an octahedral FeII 
complex is small compared to , the electrons preferably singly-occupy all orbitals, 
following Hund’s rule, which results in a HS state. In the opposite case, when 10Dq 
is greater than , the electrons favour the paired, LS state. 
 
5.1.2 Temperature-induced spin crossover 
Typically, the spin crossover is thermally induced; for sufficiently high T a given 
zero-point energy difference, due to the different ligand field strengths in the LS and 
HS spin state, is overcome by kBT. This entropy driven population of the HS state 
has two main contributions: an electronic contribution because of increased spin 
degeneracy, and a vibrational contribution because of lower vibrational frequencies. 
The latter is due to the increased metal-ligand bond length and results in a higher 
density of vibrational states in the HS state. The LS state remains the quantum 
mechanical ground state at all temperatures, but population of the HS state is 
thermodynamically favoured at elevated temperatures. 
The spin crossover phenomenon is detected upon measuring a compound’s 
property that changes when the system changes its spin state. Possible experimental 
techniques are therefore: Mössbauer spectroscopy, UV/Vis spectroscopy, IR 
spectroscopy, heat capacity measurement, X-ray diffraction, synchrotron radiation 
study, nuclear magnetic resonance (NMR), electron paramagnetic resonance (EPR) 
and magnetization measurements. The fraction γHS of the system which is in the HS 
state is then often plotted versus the temperature, yielding a spin transition curve, of 
which the most common forms are shown in Figure 5.2. The shapes of these 
transition curves are to a large extent influenced by the degree of cooperativity 
between the individual metal-organic complexes that are involved in the spin 
crossover. Since the spin crossover is accompanied by a lengthening of the metal-
ligand bond, the structure of the complex changes, which propagates through the 
lattice in a crystalline material and induces the spin crossover of neighbouring 
complexes. A weak cooperativity, therefore, yields a gradual transition curve 
(Figure 5.2a), while a strong cooperativity results in an abrupt transition curve 
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Figure 5.1 The two possible electronic ground state configurations for an octahedral 
FeII complex. 
 
(Figure 5.2b). In these curves the spin transition temperature T1/2 is defined as the 
temperature at which the LS and HS fractions are equal (γHS = 0.5); when the spin 
transition is half-way. In some systems the structural changes in the material are 
large, and a crystallographic phase change may occur accompanied by a certain 
energy barrier. Spin transition curves of such compounds, therefore, show hysteresis 
upon temperature cycling (Figure 5.2c). Hysteretic properties of spin crossover 
systems and their possible application in data storage or memory devices have been 
one of the driving forces behind the development of this research field. Multiple 
lattice sites possibly exist for polycrystalline materials, which have different T1/2’s, 
resulting in a stepwise transition (Figure 5.2d). Some complexes might be at a lattice 
site with sufficiently lowered or raised field strength to prevent spin crossover from 
taking place, hence there is retention of a HS and LS fraction, respectively, upon a 
temperature change (Figure 5.2e). This latter type of spin transition behaviour will 
be observed for the Fe grids in this chapter. 
In addition to the thermally induced spin crossover there are other ways to influence 
the spin state of such complexes. When a large hydrostatic pressure (several kbars) 
is applied to spin crossover complexes their structural changes are inhibited and the 
system remains in its LS state up to higher temperatures. Furthermore, when a spin 
crossover material in its LS state is illuminated with light of a specific wavelength, 
the energy barrier between the LS and HS states is overcome via an excited state. At 
sufficiently low temperatures the system is then trapped in that state, hence the 
name of the technique: light-induced excited spin state trapping (LIESST). The 
reverse is also possible (with reverse-LIESST), which even further increased the 
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Figure 5.2 The five main spin transition curve types in which the high spin fraction is 
plotted versus the temperature; a) gradual, b) abrupt, c) hysteretic d) stepwise and e) 
incomplete (picture taken from Ref. 1). 
 
attention for this class of materials and their possible application for optical 
switching, data storage and memory devices. 
 
5.1.3 Magnetic-field-induced spin crossover 
Our main interest is the influence of an applied magnetic field on spin crossover 
behaviour. In a magnetic field the energies of the complexes in the HS state are 
lowered by 
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in which SH and SL are the spins of the HS state and the LS state, respectively.2 
For a typical d6 iron complex with SH = 2 and SL = 0, and a typical energy gap of Δ(0) 
= 1000 K between the HS and LS state in zero magnetic field, we can then calculate 
the change of T1/2 with magnetic field using basic thermodynamics 
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In an applied field of 30 Tesla this results in δT1/2 = -1.6 K. Hence, a clear influence 
of a magnetic field is only observable in spin crossover compounds with a small 
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energy barrier between the LS and HS state, which have a low T1/2. One of the most 
clear examples of a system in which a magnetic field induces a spin transition is 
MnIIItris(1-(2-azolyl)-2-azabuten-4-yl)amine, [Mn(taa)], the molecular structure of 
which is shown in Figure 5.3a.3 It shows a thermal spin transition near 46 K, which 
can be magnetic-field-induced for temperatures close to that, as is shown in Figure 
5.3b. 
 
5.2 Spin crossover of Fe grids 
As mentioned above, spin crossover compounds are an upcoming class of magnetic 
materials due to the desired applicability of their switchable magnetic properties. 
Recent research, therefore, focuses on obtaining materials that have an abrupt, 
complete and hysteretic spin transition with a crossover temperature close to room 
temperature. In view of this, attempts have been made to enhance the cooperativity 
between the involved molecules, e.g. via - interactions or hydrogen bonding, in 
order to use the structural change of one centre’s spin transition to induce the spin 
transition of surrounding spin centres. Additionally, new magnetic molecules have 
been designed with metal-ligand bond lengths that are tuneable in the spin 
crossover range, but serendipity plays an important role in the results. 
In a collaboration with Professor Jean-Marie Lehn4,5 from the Institut de Science et 
d'Ingénierie Supramoléculaires (ISIS) in Strasbourg we have investigated a series of 
four Fe grids with different ligands, focussing on their magnetic properties. The spin 
transition of their Fe ions is accompanied by a change in their magnetic character 
from an S = 0, LS state to an S = 2, HS state, which can be observed via many 
measurement techniques, in our case in high field magnetization experiments. In 
this way we have determined the grids’ high spin fractions versus temperature, their 
magnetic anisotropies in terms of zero field splitting parameters and the 
intramolecular exchange interactions between the four Fe ions that are present in 
each grid. 
 
5.3 Molecular structure of the Fe grids 
The series of Fe grids that are treated in this chapter consist of four FeII ions that are 
coupled in a square-like fashion by various coordinating ligands, shown in Figure 
5.4. All ligands have a central 2-phenylpyrimidine moiety, which stabilizes the grid’s 
structure via - interactions with neighbouring ligands and is expected to mediate 
metal-metal interactions due to its conjugation. These interactions include both 
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Figure 5.3 a) Molecular structure of MnIIItris(1-(2-azolyl)-2-azabuten-4-yl)amine; b) 
Temperature dependence of the high-field magnetization of [Mn(taa)] (graph taken 
from Ref. 4). 
 
structural changes as well as possible magnetic exchange interactions. The 
differences between the grids are made by the remaining part of the ligand. In grid 2 
alkyl tails are introduced in order to control the interactions between the grids, 
improve their absorption to a surface and introduce axial receptor sites. As has been 
mentioned before, increased interactions between the grids should result in a more 
abrupt spin transition of this grid. The imidazole groups in grid 3 are known to have 
smaller ligand field strengths than the pyridine moieties in grids 1 and 2, and 
subsequently increase the cooperativity in spin crossover behaviour between the 
grids by increased hydrogen bonding. Hence we expect this grid to have a lower 
spin crossover temperature with respect to grids 1 and 2, and even greater 
abruptness in its spin transition. Finally, the phenolate oxygens of the 2,2’-
bipyridine-based ligands in grid 4 have a negative charge to compensate for the 
positively charged Fe ions, facilitating an overall neutrality of the grid and making
a) b) 
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Figure 5.4 Molecular structure of the ligands that form the studied Fe grids; a) 2,2’-
bipyridine-based in grid 1; b) 2-(hydrazonomethyl)pyridine-based in grid 2; c) 2-
(hydrazonomethyl)imidazole-based in grid 3; d) (2-(2-
iminoethylidene)amino)phenol-based in grid 4. 
 
counterions superfluous, while the other three Fe grids have two tetrafluoroborate 
anions as counterions to compensate for the positive charge of their Fe ions. The 
effect of anion exchange in spin crossover is not predictable,1 because it affects both 
the interactions between the spin centres, hence their cooperativity, and their 
chemical environment, which changes the ligand field strength and thereby the 
crossover temperature. Whether in the case of grid 4 the absence of counterions 
increases or decreases these parameters is not to be foreseen. 
To exemplify the ligand configuration in the grids, the crystal structure of the [2x2] 
grid 1 is schematically shown in Figure 5.5. In all grids each Fe ion has an octahedral 
environment consisting of two ligands that are oriented orthogonally with respect to 
each other. It can be clearly seen that the phenyl group which is attached to the 
ligand’s central pyrimidine moiety has an optimal position and orientation for - 
interactions with the pyridine groups of the other ligands. 
The relevant differences between the crystal structures of the four Fe grids are their 
metal-ligand bond lengths, which are listed in Table 5.1. The values are averages of  
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Figure 5.5 Schematic representation of the X-ray structure of grid 1 (counterions, 
solvent molecules and hydrogen atoms are omitted for clarity). 
 
the six Fe-N bonds of each Fe ion. These bond lengths provide information about the 
grid’s symmetry, strongly related to its magnetic anisotropy, and the spin 
configurations of the Fe ions. From the temperature dependence of the bond lengths 
of grid 1 it is clear that at low temperatures three Fe ions are between the LS and HS 
state, and closer to the LS state, indicated by the 2.00 Å Fe-N bond lengths. The 
remaining single HS ion has an average Fe-N bond length of 2.20 Å. At room 
temperature three Fe ions are HS due to the grid’s spin crossover, and one ion 
remains LS. Because the bond lengths in grids 2, 3 and 4 were only determined at 
one single temperature, and the obtained values are in between the LS and HS 
values of grid 1, they are non-interpretable in terms of spin configurations of the Fe 
ions, and will only be used to describe the grid’s structural symmetries.  The average 
Fe-N bond lengths for each Fe ion in grid 2 are in perfect agreement with each other.  
The large standard deviations are caused by the tetragonally distorted, octahedral 
structure of each FeN6 subunit, which causes the axial Fe-N lengths to be 12% longer  
= Fe 
= O 
= C 
= N 
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Grid T (K) Fe1-N (Å) Fe2-N (Å) Fe3-N (Å) Fe4-N (Å) Lit. ref. 
1 100 2.01 ± 0.08 2.00 ± 0.09 1.99 ± 0.08 2.20 ± 0.07 7 
1 293 2.07 ± 0.08 2.17 ± 0.07 2.17 ± 0.07 2.19 ± 0.07 7 
2 173 2.13 ± 0.14 2.13 ± 0.13 2.13 ± 0.13 2.13 ± 0.14 8 
3 173 2.18 ± 0.03 2.17 ± 0.03 2.18 ± 0.03 2.17 ± 0.03 6 
4* 173 2.09 ± 0.09 2.10 ± 0.09 2.11 ± 0.10 2.10 ± 0.09 9 
Table 5.1 Averaged metal-ligand bond lengths of the four Fe ions in each grid, with 
the corresponding standard deviations. 
* The Fe-N and Fe-O bond lengths are combined in the calculations for grid 4. 
 
than those in the basal plane of the octahedron. In contrast, grid 3 is an almost 
perfect octahedron, with equal, average Fe-N bond lengths for each Fe ion with 
small standard deviations. Finally, grid 4 also has distorted octahedral coordination 
geometries around its Fe ions, due to the smaller Fe-O bond lengths that are present 
in this grid. 
 
5.4 Magnetometry results 
We will make a comparison between the four Fe grids, based on their magnetic and 
spin crossover behaviour, which we determine by extraction magnetometry in a 
temperature range from 1.4 K to room temperature in magnetic fields up to 30 T. 
 
5.4.1 Previous magnetic characterization 
Some studies have been performed on Fe grid 1, 2 and 4 before. 1H NMR, X-ray 
diffraction, Mössbauer and magnetic susceptibility measurements have shown spin 
crossover behaviour of grid 1, which can be triggered by temperature, pressure and 
light.7 In these studies a gradual spin transition was found upon increasing the 
temperature from 4.2 K to room temperature. Mössbauer spectroscopy indicated a 
nearly equal fraction of low and high spin states below 75 K (2LS/2HS), while at 300 
K this ratio was changed to 1LS/3HS. Interestingly, from magnetic susceptibility 
measurements a decreasing product of χM and T versus temperature was obtained 
upon cooling grid 1 below 50 K, as is shown by the black line in Figure 5.6. In 
addition, χMT did not converge but increased with temperature, unlike a constant 
χMT expected for a paramagnetic-like system that follows the Curie law. For 
comparison χMT was calculated for two and four uncoupled S = 4/2 Brillouin-
Chapter 5: Spin Crossover of Fe Grids in High Magnetic Fields 
 78 
 
Figure 5.6 Temperature dependence of the magnetic susceptibilities of Fe grid 1 
(black) and 2 (red) in a magnetic field of 1 T (data taken from Ref. 7 and 8). To stress 
the non-paramagnetic behaviour at low and high temperatures, the calculated χMT 
values for 2 (green) and 4 (blue) uncoupled S = 4/2 Brillouin-paramagnetic Fe ions 
in grid 1 are shown. 
 
paramagnetic Fe ions in grid 1, which are depicted by the horizontal green and blue 
traces in Figure 5.6, respectively. For grid 2 similar results have been obtained from 
temperature-dependent magnetic susceptibility measurements.8 The low 
temperature behaviours of both grids were attributed to zero field splitting, which 
considerably decreases the magnetic susceptibilities at these temperatures. These 
results could not be explained quantitatively due to the limited available data and 
the multi-interpretability of magnetic susceptibility measurements. The non-
convergence of χMT at high temperatures was interpreted as incomplete spin 
crossover behaviour. Finally, previous X-ray diffraction and 1H NMR results on grid 
4 hinted toward the presence of four high spin Fe centres at room temperature, and 
indicated that grid 4 does not display a spin transition.9 
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5.4.2 High field magnetic characterization 
In contrast to magnetic susceptibility measurements, our magnetization 
measurements facilitate determining the zero field splitting parameters of the Fe 
ions in the grids, since these are easily derived from the magnetic moment isotherms 
that we measure up to high magnetic fields. Additionally, we will show that by 
measuring over a large temperature range we observe the grids’ gradual spin 
crossovers with temperature in our experiments. 
The results for grids 1, 2 and 3 are presented in Figure 5.7a, b and c, respectively, 
where the magnetic moment per grid molecule is plotted as a function of magnetic 
field at various temperatures. At low temperatures the curves for all grids have 
considerable slopes in magnetic fields up to 5 T. With further increasing magnetic 
field the grids’ magnetizations increase slower, until above 15 T the curves become 
nearly linear with field, and are unable to reach the grids’ theoretical, spin-only 
saturation of 16 µB in magnetic fields up to 30 T. Instead, we obtain values close to 8 
µB per grid, which strongly suggests the presence of only two HS Fe ions in the grids 
at these temperatures. Upon temperature increase the magnetization reduces in size 
and the slope-change during the initial magnetic field increase is smaller as well, 
until above 60 K the magnetic moment isotherms become nearly linear over the 
complete applied magnetic field range. Interestingly, for temperatures up to 15 K the 
linear high-field (B > 15 T) magnetization behaviour of each grid type is nearly 
unchanged with respect to the magnetic moment isotherm that was measured at the 
lowest temperature. In our discussion we will relate this linearity to the competition 
between the zero field splitting in the grids and the Zeeman energy. 
Grid 4 displays a completely different magnetic behaviour, as is shown in the left 
panel of Figure 5.8. First, the magnetization signals at all temperatures and magnetic 
fields are higher than for the other grids. They strongly increase at low magnetic 
fields, and then gradually increase to maximum field, where they saturate at 16 µB 
per grid for low temperatures, indicating that all Fe ions in the grid are always HS, 
complementing the results from previous measurements on this grid. At higher 
temperatures the magnetization increase with magnetic field is smaller, and the 
linearity at high magnetic fields, which we have observed for the former three grids, 
is absent. Remarkably, when comparing the measurements with the theoretical 
values for Brillouin paramagnetism of four S = 2 spins we see that for temperatures 
above 16 K the measured curves show larger values than the Brillouin curves for the 
full magnetic field range, which is a clear indication of ferromagnetic interactions  
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Figure 5.7 a) Magnetization of grid 1, fits (solid lines) obtained with g = 2.00, |D|= 
10.4 cm-1 and E/D = 0.260; b) Magnetization of grid 2, fits obtained with g = 2.25, 
|D|= 12.1 cm-1, E/D = 0.176 and J = -0.56 K; c) Magnetization of grid 3, fits obtained 
with g = 2.42, |D|= 9.19 cm-1, E/D = 0.319 and J = -0.37 K. All symbols are measured 
data points. All dashed lines are calculated magnetic moment isotherms for high 
temperatures, using the obtained parameters from fits at lower temperature. 
a) 
b) 
c) 
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Figure 5.8 Left: Magnetization of grid 4 at various temperatures. Right: 
Magnetization of grid 4 up to 2 T in the temperature range 1.4 - 16 K in more detail. 
The theoretical magnetic moment isotherms for four S = 2 Brillouin paramagnets are 
shown as the dashed lines. 
 
between the Fe centres. Only at lower temperatures and low magnetic fields the 
grid’s magnetization is smaller than the Brillouin S = 2 paramagnet, as is shown in 
the right panel of Figure 5.8. This points toward the presence of zero field splitting, 
whose effect on the grid’s magnetization is stronger at low temperatures and 
magnetic fields, whereas at high temperatures and magnetic fields the Zeeman 
energy dominates the magnetic behaviour of the grid. 
Before giving a quantitative analysis of the measured magnetization of the four Fe 
grids, we will first briefly report about their spin crossover behaviour. In order to 
see the grids’ temperature induced spin crossover we have determined the magnetic 
susceptibilities of the grids, by taking the derivatives of the measured magnetic 
moments with respect to the magnetic field. The products of the temperature and 
the magnetic susceptibilities at 1 T are plotted versus the temperature in Figure 5.9a. 
Below 20 K all grids have a strong increase of χMT, after which for grids 1, 2 and 3 a  
constant value is reached for a small temperature range around 50 K, similar to 
previous results that were shown in Figure 5.6. This undoubtedly indicates the 
presence of intramolecular exchange interactions and zero field splitting in all four 
grids, which mainly dominate their magnetic properties at low temperatures, as will 
be quantitatively explained in the next paragraph.  
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Figure 5.9 a) Product of the temperature and the magnetic susceptibilities of grid 1 
(), grid 2 (), grid 3 () and grid 4 () at 1 T. The solid lines represent the fits of 
the magnetization data in the low temperature regime. The dashed lines represent 
calculations (using the same fit parameters) for higher temperatures. b) The HS 
fraction of grids 1, 2 and 3 versus the temperature, calculated from the ratio of the 
measured and calculated magnetization. 
 
At higher temperatures grids 1, 2 and 3 have distinct increases of χMT, being linear 
for grid 1 and quadratic for grid 3, due to their different spin transition behaviours. 
For grid 2 more measurements are necessary in the high temperature range, in order 
a) 
b) 
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to determine the abruptness of the spin transition more accurately. Since a spin 
crossover in grid 4 is absent, it displays a different behaviour with a decreasing χT 
for temperatures higher than 35 K, which is related to the ferromagnetic 
intramolecular exchange interactions. 
 
5.5 Interpretation using julX 
For interpreting the measured data, we have to take into account both magnetic 
effects that have been observed and reported before. First, we know that below a 
certain temperature the grids have constant LS/HS ratios (approximately 1), and the 
measured magnetic behaviours are related to the grids’ magnetic anisotropies and 
possible intramolecular exchange interactions. Secondly, above this temperature the 
grids show spin crossover behaviour, with a changing number of magnetic moment 
carrying centres that enhances the magnetization signals. Hence we split the 
interpretation into two parts: we determine the grids’ anisotropies and 
intramolecular magnetic couplings from the low temperature isotherms, and 
afterwards interpret the high temperature isotherms in terms of a spin crossover. 
Since no analytical model for this case is available, we use the numerical spin matrix 
diagonalization program julX, and fit the low temperature measurements by using 
the spin Hamiltonian: 
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( 5.3 ) 
in which g is the isotropic average of the grids’ g-factor, and Di and Ei/Di are the 
axial and rhombic zero field splitting parameters. J is the magnetic exchange 
interaction between the two HS, S = 2 centres that are present in the low 
temperature range, which, due to the grids’ symmetries, both have the same values 
for their zero field splitting parameters. We define the low temperature range for 
grid 1 and 2 as below the temperature at which χT in Figure 5.9a is constant, which 
corresponds to the results in Ref. 7 and 8, respectively. For grid 3 we choose the 
temperature range up to 16 K, assuming that the total number of spins in this 
temperature range is constant, since these curves all show similar, temperature-
independent, induced magnetic moments at high magnetic fields. 
The fits to the low temperature data are visualised as the solid lines in Figure 5.7a, b 
and c. The calculated curves for higher temperatures, determined with the same fit 
parameter sets, are represented by the dashed lines in this figure. The fits for grid 1 
are perfect over the full magnetic field range, while those for grid 2 and 3 only differ 
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slightly from the measured data. For grid 2 they are perfect up to 15 T, which is most 
important for an accurate determination of the intramolecular exchange interaction 
and the zero field splitting parameters. Only at the highest magnetic fields the fits 
do not completely follow the experimental data, and the linearly increasing 
magnetic moment is slightly underestimated. For grid 3, the linear magnetic 
moments at temperatures lower than 4.2 K and high magnetic fields are nicely 
reproduced by the fits, which only slightly underestimate the grid’s magnetization 
in the magnetic field range from 3 to 8 T. 
The fit parameters for the low temperature magnetization results of grids 1, 2 and 3 
are listed in Table 5.2. We have also used these parameters to calculate the 
temperature dependence of the magnetic susceptibilities of the grids, shown as the 
solid and dashed lines in Figure 5.9a, which correspond very good to the data in the 
temperature range of the fit. 
Unfortunately we have not been able to obtain reasonable fits to the magnetization 
of Fe grid 4 by numerically solving an appropriate spin Hamiltonian with julX. This 
was neither possible for selected magnetic field or temperature ranges of the 
magnetic moment isotherms, nor for the temperature dependence of the grid’s 
magnetic susceptibility at a certain magnetic field. Hence we are only able to remain 
with the qualitative interpretation of the magnetic behaviour of grid 4. 
 
5.5.1 Spin crossover of the Fe grids 
Due to the spin crossover of the grids the obtained parameters do not describe well 
the measured magnetization curves for higher temperatures, and all of the 
calculated curves (dashed lines in Figure 5.7) are smaller than the measured ones. To 
be able to extract the HS fraction γHS from our measurements, we first assume that 
the spin crossover does not change the grids’ anisotropies, but only the sample’s 
total magnetic moment. The second assumption we make, is that the increased 
number of intramolecular interactions, due the presence of three or more HS ions at 
high temperatures, does not affect the resulting magnetization to a large extent. 
Then, we divide the experimental curves by the calculations and interpret the 
average of the resulting ratios as the HS fraction γHS. As is shown in Figure 5.9b, for 
all grids γHS steadily increases from 0.5 at low temperatures to a nearly full HS state 
at room temperature. 
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Grid Temperature range (K) g | D| (cm-1) E / D J (K) 
1 4.2 ... 49.8 2.0 ± 0.1 10.4 ± 0.4 0.26 ± 0.03 - 
2 4.2 ... 56.0 2.3 ± 0.1 12.1 ± 0.5 0.18 ± 0.03 -0.56 ± 0.03 
3 1.4 ... 16.0 2.4 ± 0.1 9.2 ± 0.5 0.32 ± 0.04 -0.37 ± 0.03 
Table 5.2 Fit parameters for the magnetization of grids 1, 2 and 3 in the indicated 
temperature range. 
 
5.6 Discussion 
5.6.1 g-factors 
The larger g values for grid 2 and 3, with respect to grid 1, might be related to the 
uncertainties in the molar masses of the grids, although they are both in the range of 
values that have been reported before for other octahedral iron(II) complexes.10,11 
These uncertainties are due to the presence or evaporation of solvate molecules. We 
therefore have an uncertainty in the absolute magnetic moment per grid. This 
mostly affects the g-values that are obtained from the fits, and only has minor effects 
on the zero field splitting parameters. Additional EPR measurements could be 
performed to confirm these values. 
 
5.6.2 Axial and rhombic zero field splitting parameters 
The obtained zero field splitting parameters for grids 1 and 2 are within the range of 
parameters that were found before for similar compounds that are based on FeII ions 
in octahedral ligand environments.11,12 Unfortunately, no comparison with the 
related mononuclear compounds, having the most similar crystal structures, is 
possible, because those are known to be low spin compounds in all circumstances 
and therefore remain diamagnetic. And since we have been using powdered 
samples in our experiments, and hence the grids’ magnetic anisotropies are 
averaged over all angles, the signs of D cannot be determined unambiguously. 
Grid’s 3 zero field splitting parameters differ from the parameters we have obtained 
for grids 1 and 2. Its rhombic zero field splitting constant E/D is close to the 
theoretical maximum of 1/3, which would indicate full rhombicity. The latter is in 
good correspondence with the grid’s previously mentioned crystallographic data 
(Table 5.1) which show that all Fe-N bond lengths are 2.18 ± 0.03 Å, making it an 
almost perfect octahedron. 
The temperature independent behaviours of grids 1, 2 and 3 for magnetic fields 
higher than 20 T and temperatures below 15 K, indicates that in that field range 
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Zeeman splitting becomes the dominant term in the spin Hamiltonian, while in the 
lower magnetic field range magnetic anisotropy determines the grids’ magnetic 
behaviours. The combination of this anisotropy, the averaging of the magnetic 
moment over all angles, and the fact that the Zeeman energy only becomes the 
dominant term for fields larger than 20 T, results in the non-saturating 
magnetizations of the grids in magnetic fields up to 30 T. 
 
5.6.3 Intramolecular exchange interactions 
Remarkably, we do not observe any intramolecular magnetic exchange interactions 
between the FeII centres of grid 1 in our magnetization experiments (J = 0). For all 
temperatures at least two ions per grid are high spin, and due to the cooperativity in 
a spin crossover compound we expect them to be neighbouring ones. Furthermore, 
the pyrimidine moiety that binds between the iron centres is a conjugated electron 
system, making it suitable for superexchange. But despite the available factors, no 
indication for magnetic coupling is found in the magnetization curves nor in the 
derived magnetic susceptibility, which does not deviate from paramagnetic-like, 
inverse temperature dependent behaviour. From the magnetization fits of grid 2 and 
3 we obtain small antiferromagnetic couplings of -0.56 K and -0.37 K, respectively, 
between the HS Fe ions. In the related Co grids13,14 and Ni grids15 antiferromagnetic 
interactions between the HS ions have been observed before as well. Both these 
complexes are always in a full HS state and therefore four magnetic exchange 
interactions are present, arranged as in a spin square. The interaction strengths in 
the former grid are -2 K and in the latter -8 K, therefore both are stronger than the 
interactions we have determined in grid 2. It has been concluded before that by 
changing the central metal ion type from Ni to Co, the accompanying introduction 
of an extra magnetic orbital per ion might lead to an additional ferromagnetic 
contribution to the overall intramolecular magnetic interaction.16 Following this 
reasoning, the Fe ions in our grids all have a fourth singly occupied d-orbital and 
even smaller antiferromagnetic interactions are observed. Because the structural 
differences between grid 2 and 3 are big, we are not able to relate the difference in 
intramolecular antiferromagnetic exchange coupling to their molecular structures, as 
we have done for the Mn4 clusters in Chapter 3. 
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5.6.4 Spin crossover of the Fe grids 
The spin crossover of grids 1, 2 and 3 with increasing temperature are both 
visualized in the change of χMT at higher temperatures and in the ratios of the 
experimental and calculated magnetic moment isotherms. While the spin crossover 
of Fe grid 1 seems to be complete at room temperature, that of grid 2 and 3 are 
incomplete up to high temperatures. Grid 3’s measured magnetic susceptibility at 1 
T, however, shows a relatively fast increase above 259 K towards the calculated 
susceptibility of four HS ions. This result would support the idea of increased 
cooperativity between the grids due to hydrogen bonding of the imidazole groups, 
with an expected, more abrupt spin transition, as was mentioned in paragraph 5.3  
The expected reduction of the spin transition temperature due to the grid’s 
imidazole groups, that have smaller ligand field strengths than the pyridine groups 
in the previous grids, is not observed. 
 
5.7 Conclusions 
By performing high field magnetization experiments we have determined the 
magnetic properties of a series of four Fe grids. We interpreted the results in terms 
of intramolecular magnetic exchange interactions between the grid’s Fe centres and 
by taking into account zero field splitting. Simultaneously, we have observed the 
temperature-dependent spin crossover in these compounds from the size of the 
magnetic moment isotherms. We have not found an effect of applied magnetic fields 
up to 30 T on the grid’s spin transitions, because their spin transition temperatures 
are high and the change of them by the magnetic field is too small to be noticeable in 
our experiments, as was explained in paragraph 5.1.3  
The magnetic moments of grids 1, 2 and 3 do not saturate in magnetic fields up to 30 
T, due to their magnetic anisotropy which is averaged over all possible angles in the 
powdered samples we have measured. The zero field splitting parameters that we 
obtained from our fits are within the range that is known for octahedral FeII ions. 
The axial zero field splitting parameter D is very similar for all grids, while the 
rhombic zero field splitting parameter E varies between the grids according to their 
Fe-N bond lengths (Table 5.1). These three grids show a gradual spin transition with 
increasing temperature, all starting from a 2LS/2HS configuration at the lowest 
temperature, and several levels of completeness at elevated temperatures. The fact 
that the grids’ ground states are not full LS states indicates that two of their Fe ions 
are at lattice sites where the ligand field strength is not strong enough to dominate 
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the spin crossover. For both grid 1 and 2 our fits and parameters confirm the 
previously obtained decrease in the product of their magnetic susceptibilities and 
temperature. 
Since two or more HS centres are present in the grids at all temperatures, we have 
been able to determine the magnetic exchange interaction between them from our 
magnetization measurements. Unexpectedly, the Fe ions in grid 1 do not show any 
magnetic superexchange, while grid 2 and 3 do show a significant antiferromagnetic 
exchange coupling between the Fe centres of -0.56 K and -0.37 K, respectively. 
Undoubtedly the presence of these interactions is due to the Fe-bridging ligands, but 
the chemical variance in our series is too small to clearly relate the differences to the 
ligand’s electron withdrawing properties or to the variation in their Fe-N bond 
lengths. The small size of the obtained exchange interactions coincides with the 
trend of decreasing antiferromagnetic interactions with decreasing atomic number 
in these types of metal grids, i.e. increasing number of unpaired electrons per 
transition metal ion, that has been reported before for the nickel and cobalt variants. 
For grid 1 we observe a gradual spin transition with temperature, while for both 
grid 2 and 3 a strong increase of χMT at high temperatures is measured, related to a 
fast increase of γHS. Additional measurements in the high temperature range should 
provide us with more information about the abruptness of the spin transition with 
temperature in these grids, towards our data is hinting. This abruptness could then 
be explained by a strengthened cooperation between the Fe grids in the samples, 
due to the designed, increased hydrogen bonding properties of the Fe-bridging 
ligands. 
Noteworthy, grid 4 displays a completely different magnetic behaviour, with a 
ferromagnetic coupling between its Fe centres. The grid has a relatively large 
magnetic moment at high temperatures, and a large magnetic susceptibility at the 
lowest temperatures and small magnetic fields. The ground state has four HS Fe 
centres, which at low temperatures and high magnetic fields are magnetically 
saturated. We relate this to the absence of counterions (‘chemical pressure’), which 
decreases the ligand field strength below the spin pairing energy for all 
temperatures. Since numerical fitting of its magnetization was unsuccessful, we are 
neither able to provide the intramolecular ferromagnetic coupling strength, nor the 
grid’s zero field splitting parameters yet. This might be due to an additional 
intermolecular magnetic coupling that couples the magnetic moments of individual 
grid molecules with each other, which is not included in our spin Hamiltonian. 
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5.8 Future work 
The research of spin crossover compounds in general is far from finished and 
continuing research on the presented Fe grids is able to contribute to the 
understanding, design and applicability of these materials. From a fundamental 
research point of view, additional information about the spin transition and the 
magnetic character of the grids can be obtained. In view of a possible future 
application, antiferromagnetic couplings within the grid should be minimized, while 
the cooperativity between the individual grids in the sample should be big to allow 
a fast switching behaviour. 
The decreasing trend of antiferromagnetic interaction strengths in this type of grid 
with increasing number of singly occupied d-orbitals suggests that a possible Mn 
grid might combine spin crossover properties with a ferromagnetic coupling 
between the Mn centres. This enables further investigations of the relation between 
the intramolecular magnetic interaction type and strength, the spin crossover 
temperature as well as its abruptness. 
Possible intermolecular magnetic exchange interactions between the grid molecules 
could be further investigated by dilution of the samples with a diamagnetic variant 
of the grids, e.g. with Zn as a central metal ion. Additionally, this provides 
information about the cooperativity of the spin transition, strongly related to the 
abruptness of the spin crossover with temperature, since the Zn grids would not 
show a structural transition upon temperature increase. 
Finally, it would be worthwhile to combine LIEEST with high field magnetization 
measurements. By irradiating the grids with light of a specific wavelength we expect 
it to be possible to trap all metal centres in the sample in their HS state, also at low 
temperatures. During a magnetization experiment we then only measure the 
magnetic properties of the grids, without a temperature-dependent spin transition 
that changes the number of magnetic centres in the sample. This enables us to 
undoubtedly determine the grid’s intra- and intermolecular exchange interactions 
and their zero field splitting parameters. Hereby, the availability of single crystalline 
material would largely facilitate the determination of the grids’ magnetic 
anisotropies by angle-dependent magnetization measurements. 
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Chapter 6: Magnetic Alignment of Self-
Assembled Porphyrin Gels 
In this chapter we will present a new methodology to prepare a magnetic-field-
induced, uniaxially aligned, thin, stable porphyrin-based gel with anisotropic optical 
properties. Via tuneable aggregation, due to solvent choice and temperature 
variation, we have studied the aggregates’ alignment behaviour in solution via 
polarized absorbance and linear birefringence measurements. From the obtained 
results we have developed a method to regulate the material’s aggregation, 
alignment and gelation behaviour. Finally, via drop-casting a mixed-solvent solution 
on a substrate in a magnetic field, we induce aggregation and subsequent gelation 
upon co-solvent evaporation, while forming a perfect, magnetically ordered gel 
which exhibits anisotropic optical properties. 
 
6.1 Introduction 
Controlled geometric alignment of molecule-based materials is crucial for 
transferring single molecule properties to the macroscopic level of materials. For 
anisotropic molecules, alignment results in orientation-dependent mechanical, 
optical, electrical and magnetic material properties, which can be exploited in 
various applications.1-3 Magnetic-field-induced alignment is perfect for obtaining 
such aligned molecular materials.4-6 Since most molecules are anisotropically 
shaped, the diamagnetic properties are anisotropic as well, leading to a magnetic 
energy that depends on the molecule’s orientation with respect to the direction of 
the magnetic field. This creates an energy difference between two orthogonal 
orientations of the molecule, given by 
 
A0
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Nμ
Bχ
E
2
2

 
( 6.1 ) 
in which B is the magnetic field, 0 is the magnetic constant, NA is Avogadro’s 
number and m = //,m - ,m, the difference between the molar diamagnetic 
susceptibilities related to two orthogonal axes in the molecule. Since diamagnetic 
susceptibilities have negative values, the magnetic energy of the molecule is lowest 
when it is oriented with its axis of smallest susceptibility parallel to the magnetic 
field direction. This molecular alignment energy is in competition with the thermal 
Chapter 6: Magnetic Alignment of Self-Assembled Porphyrin Gels 
 92 
energy that accounts for the molecule’s random orientation due to Brownian motion, 
which is several orders of magnitudes larger. However, when molecules form a 
collective, the sum of all individual molecular alignment energies is able to 
overcome the thermal randomization process and geometric alignment is induced. 
Hence, the induced alignment is size dependent, and in the currently available 
magnetic fields full order at room temperature can only be induced when several 
thousands of molecules behave as a collective and are aligned simultaneously. 
The magnetic-field-induced alignment technique has several advantages over 
conventional bulk alignment techniques, e.g. involving shear force7 or an electric 
field8. These produce well aligned structures as well, however, either induce strain 
in the material and impair the surface, or induce charges due to polarization which 
could result in electrical currents damaging the material. Langmuir-Blodgett 
deposition9 or the use of alignment layers10 are common alignment techniques that 
give perfect control over the molecular alignment without inducing strain or electric 
charges, but can only be used for very thin, layered materials. Magnetic-field-
induced alignment is known as a perfect method to align materials in a broad size 
range, free of mechanical contact or charge-inducement, which makes it a perfect 
choice for in-situ studies on the alignment behaviour of molecular aggregates, as 
well as making bulk, aligned gels consisting of them. 
In this study we use magnetic fields to order aggregates of a porphyrin-based 
material in solution. We are able to fix the induced alignment by gelation of the 
material due to a temperature decrease or a concentration increase. We study this 
alignment in situ, by performing polarized absorbance and linear birefringence 
measurements, which yield information on the aggregates’ orientation in the 
magnetic field, respectively the degree of induced order. In this way we obtain a 
stable, well aligned, optically anisotropic gel in an optical cell. Most importantly, via 
a new, modified drop-casting technique we are able to induce perfect order in the 
material on a substrate, resulting in a stable, porphyrin-based gel with anisotropic 
optical properties. 
 
6.2 Experimental details 
6.2.1 Porphyrin trimer 
The compound we align is based on trimers of porphyrins shown in Figure 6.1, 
which are known for their ideal aggregation properties due to the supramolecular 
interactions via- overlap of their conjugated bonds, and additional hydrogen 
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Figure 6.1 Molecular structure of the porphyrin trimer and the schematic structure of 
the formed aggregates. 
 
bonding of the amide bonds of the phenyl core.11,12 A highly concentrated solution 
(e.g. in chloroform or 1-phenyloctane) gelates upon cooling it to room temperature 
from its monomerically dissolved state at temperatures higher than 40 C. Because 
of the anisotropic, planar shape of the porphyrin, a large difference between its 
diamagnetic susceptibilities parallel and orthogonal to the plane exists13: m = -7.51 
x 10-9 m3/mol. This yields a big orientation-dependent energy difference per 
molecule profitable for magnetic-field-induced alignment, which allows small 
aggregates (N > 2000) to be aligned at room temperature. The axis of smallest 
susceptibility is parallel to the porphyrin plane. This determines the porphyrin’s 
preferable parallel orientation in a magnetic field, with the aggregate axis aligned 
orthogonal to the magnetic field. Beside its anisotropic diamagnetic susceptibility 
the planar porphyrin displays electrical and optical anisotropy due to the dipole 
moments that are located in the porphyrin’s plane. Its ideal, anisotropic optical 
porphyrin properties are used to determine the degree of order and make the stable, 
aligned gels interesting for further applications. Additional tuning of the 
porphyrin’s physical properties is possible via substituent modifications or metal 
coordination, which allows a modification of their magnetic character as well. 
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6.2.2 Polarized absorbance 
In the polarized absorbance measurements we use a low-concentrated solution (19 
M) to limit the absolute absorbance of the Soret bands, and we induce maximum 
porphyrin stacking at this concentration by using n-heptane as a solvent. We mount 
the optical glass cell (Hellma Benelux BV, path length 5 mm) containing the sample 
solution inside a 20 T Bitter magnet. Unpolarized light from a halogen-deuterium 
light source (Avantes, 200-1100 nm) is guided to the sample through an optical fibre 
(3M, multimode, 600 μm core diameter). The light that is transmitted through the 
sample passes through a Glan-Thompson polarizer (Melles-Griot, extinction ratio of 
10-5) positioned outside the magnet and is collected by a second fibre that couples 
the light into a spectrometer (Ocean Optics, SD2000), containing grating and a diode 
array (resolution 0.5 nm).14 
 
6.2.3 Linear birefringence 
In the linear birefringence measurements we utilize equal components of sinusoidal, 
phase-modulated laser light polarized at 45° to the magnetic field direction, using a 
He-Ne laser (1 mW output, Melles-Griot) with a wavelength of 632.8 nm, as a source 
of monochromatic light. The depolarized contribution of the transmitted light is 
measured by a photo detector (5 mm2 silicon photo-conductive 
detector/preamplifier, Thorlabs PDA 55), and the AC phase shift between the 
original polarizations is recovered via lock-in amplifiers (SR830 lock-in amplifier, 
Stanford Research Systems) and referenced to the modulator signal (photo-elastic 
modulator, PEM90, Hinds Instruments). The DC part of the signal is measured by a 
voltmeter (K199, Keithley) and used for monitoring the transmission level of the 
sample.15 
 
6.3 Alignment studies in solution and in gels 
The typical absorbance spectrum of porphyrin trimer aggregates in n-heptane 
without application of a magnetic field is shown as the dashed line in the left panel 
of Figure 6.2. The Soret band absorbance of the porphyrin trimer is located at 425 nm 
and two shifted bands are visible at 405 nm and 441 nm. The blue-shifted band 
originates from the exciton coupling between co-facially stacked porphyrins in an H-
aggregate like structure.16,17 The red-shifted absorbance is attributed to side-to-side, 
J-aggregate type interactions either between porphyrins of neighbouring trimers or 
between those within the same trimer. 
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Figure 6.2 Left: Polarized absorbance measurements on a porphyrin trimer aggregate 
solution in n-heptane. The dashed lines show the Soret band absorbance in zero 
magnetic fields for parallel (black) and perpendicular (red) polarized light. The solid 
lines are the spectra taken in a 20 T magnetic field. The inset shows the magnetic 
field-dependence of the linear birefringence of the same solution. The fit (red line) is 
obtained with an aggregate length of 3300 trimers. Right: Three possible orientations 
of the porphyrin trimer aggregates in a magnetic field. The preferred orientation is 
orthogonal to the magnetic field direction.  
 
Remarkably, the absorbance spectrum in an applied magnetic field of 20 T largely 
depends on the polarization of the light, as is shown by the solid lines in the left 
panel of Figure 6.2. When light with a polarization parallel to the magnetic field 
passes through the solution of porphyrin trimer aggregates, the absorbance of the H-
aggregate band at 405 nm is increased while the J-aggregate band at 441 nm 
decreases. In addition, when perpendicular polarized light is used, the blue-shifted 
band decreases, while the opposite happens for the red-shifted band. These results 
clearly show the optical anisotropy of the magnetic-field-induced aligned porphyrin 
aggregates. Three aggregate orientations are possible as shown in the right panel of 
Figure 6.2: one parallel and two orthogonal to the magnetic field axis. Since the 
dipole moments of the porphyrins, responsible for the absorbance properties, are 
located in their planes, the absorbance increase at 405 nm for parallel polarized light 
indicates that the related dipole moment is oriented parallel to the magnetic field as 
B 
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well, with the aggregate being aligned orthogonal to that axis. Such an absorbance 
increase is not possible for aggregates that are aligned parallel to the magnetic field, 
since the dipole moments in their porphyrin planes only absorb perpendicular 
polarized light, which orientation is therefore ruled out. Likewise, the absorbance 
increase for perpendicular polarized light at 441 nm is attributed to a small tilting of 
the porphyrin molecules in the aggregates with respect to their central 1,3,5-
tricarboxamide-benzene linker, placing the dipole moments partly orthogonal to the 
magnetic field axis, which simultaneously disfavours the absorbance of parallel 
polarized light. The small size of the observed absorbance effects is explained with 
the rotational freedom of orthogonally aligned aggregates around the magnetic field 
axis. Only a part of the aggregates contribute to the polarized absorbance properties: 
the porphyrins that are irradiated face-on absorb equal amounts of parallel and 
perpendicular polarized light; only the porphyrins which are irradiated from the 
side show polarized absorbance. 
In addition, we studied the magnetic-field-induced linear birefringence n for this 
particular solution as a measure of the degree of induced alignment (inset of Figure 
6.2). It is clear that the measured signal’s size increases quadratically with the 
magnetic field until 10 T, after which it starts to deviate from this behaviour more 
and more upon further increasing the magnetic field. This indicates an approach to 
saturation of the alignment, which shows that in our polarized absorbance studies 
the sample was similarly well-aligned. In order to obtain the average aggregate 
length in this solution, we fit the measured birefringence using the integral of the 
orientation-dependent magnetic energy over all possible angles in a polar coordinate 
system. Hereto we use E as a function of the Euler angles  and , the Maxwell-
Boltzmann distribution function f(,) and the order parameter S: 
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The best fit is obtained for N = 9900 porphyrins, forming 3300 porphyrin trimers, 
yielding a typical aggregate length of 1.2 micron. 
The porphyrin trimer concentration can be largely increased, from the micromolar to 
the millimolar range, when the solvent is changed to chloroform. The resulting 
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solution forms a gel when the aggregates are clustering together. For such high 
concentrations it is not possible to measure the (polarized) absorbance, hence linear 
birefringence measurements are performed to gain the degree of magnetic-field-
induced alignment. We have developed a protocol comprising an optimal 
aggregation time for the dissolved porphyrin trimers in the applied magnetic field, 
by cooling a 4.0 mM solution from its monomerically dissolved state above 40 C to 
10 C in 30 minutes (Figure 6.3, bottom panel, dashed line). This gives the porphyrin 
trimers ample time to aggregate and be magnetically aligned, before gelation fixes 
their orientation. While cooling we apply a magnetic field of 5, 10, 15 or 20 T for a 
specific time, shown by the coloured lines in the bottom panel of Figure 6.3; the 
related, induced birefringences are shown in the main panel of the figure. As 
expected, at the start of each experiment the sample is not birefringent, but upon 
cooling the porphyrin trimers aggregate and for temperatures below 22 C they 
form large enough aggregates to be magnetically aligned, with optical anisotropy, 
resulting in an induced birefringence. The higher the applied magnetic field, the 
higher the induced birefringence, because smaller aggregates are magnetically 
aligned additionally and the alignment of longer aggregates is enhanced. This 
magnetic field strength effect is even clearer from the inset in Figure 6.3, which 
shows the induced birefringence at 40 minutes after the start of each experiment, 
versus the applied magnetic field. The resulting S-curve indicates that in an applied 
field of 20 T the sample is close to full alignment. We again obtain a perfect fit to the 
experimental data using Equations 5.2 to 5.4 and the known , with an optimal 
aggregate length N of 12000 trimers. This is almost four times longer than the length 
that we obtained for the n-heptane solution, clearly due to the increased porphyrin 
trimer concentration. By extrapolating the fit to its expected saturation value, we 
obtain an order parameter of S = 0.9 for the induced alignment at 20 T, clearly close 
to complete alignment. 
Upon further cooling and additional aggregation time in an applied magnetic field 
the measured birefringence increases, due to the presence of more and longer 
aggregates that are now aligned. After reducing the magnetic field to zero the 
induced birefringence remains almost constant, as we intended, because the sample 
is gelated and its alignment is fixed. Only a few aggregates that are not fixed in the 
gel thermally de-align and induce the small, observable reduction in the 
birefringence. Surprisingly, thereafter the birefringence continuously increases in 
time, which must be due to individual porphyrin trimers or small aggregates 
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Figure 6.3 Linear birefringence measurements versus time during the cooling of a 
porphyrin trimer solution in chloroform in applied magnetic fields of 5 T (black), 10 
T (red), 15 T (green) and 20 T (blue). The bottom panel shows the cooling curve of 
the samples (dashed line, left y-axis) and the applied magnetic fields (solid lines, 
right y-axis) versus the time. In the inset the measured birefringence is plotted at 40 
minutes after the start of the four experiments, as a function of the applied magnetic 
field. The fit (red line) is obtained with an aggregate length of 12000 trimers. 
 
attaching to the gelated sample which serves as an alignment layer. For the gel that 
was formed in an applied magnetic field of 20 T, we have monitored this behaviour 
over several hours as is shown in Figure 6.4. After 14 hours the signal has increased 
by more than 35%, and still saturation of the alignment is not reached. This does not 
contradict the approach to saturated magnetic-field-induced alignment noted 
earlier, since the molecules/aggregates that attach to the gel are too small to be 
magnetically aligned and only add to the birefringence signal now, because they are 
aligned and fixed by the created gel. The clear, templating effect of the gel and its 
possible self-healing upon alignment perturbation, are worth further studying. 
To further visualize the anisotropic optical properties of the gel and the 
homogeneity of the induced alignment, we have taken crossed-polarized optical 
6.3 Alignment studies in solution and in gels 
 99 
 
Figure 6.4 a) Time-dependent linear birefringence of the sample that was aggregated 
and gelated in a 20 T magnetic field. After 70 minutes the application of the 
magnetic field is stopped and the birefringence keeps increasing monotonously due 
to small aggregates attaching to the aligned gel; b) Crossed-polarized optical 
microscopy pictures of the gelated sample inside a cuvette, showing the 
homogeneous alignment throughout the sample, and its optical anisotropy with the 
main refractive index axes being parallel and orthogonal to the magnetic field 
direction. 
 
microscopy pictures of the gel that was aligned in a 20 T field, shown in Figure 6.4. 
In these pictures we observe maximum birefringence when the sample is rotated 45 
with respect to both polarizers, indicating that the primary axes of refractive index 
are oriented both parallel and orthogonal to the magnetic field direction. 
Additionally, with this technique we have observed that the alignment of the gel 
and its resulting optical anisotropy are stable over several months. We thus 
a) 
b) 
Chapter 6: Magnetic Alignment of Self-Assembled Porphyrin Gels 
 100 
conclude that we induce good alignment of porphyrin trimer aggregates in high 
magnetic fields, orthogonal to the magnetic field axis, and retain their induced 
alignment by gelation due to a temperature decrease, resulting in a stable, aligned 
gel with birefringent properties. 
 
6.4 Preparation of an aligned porphyrin trimer gel 
The applied magnetic field only removes the aggregates’ rotational freedom in the 
planes parallel to the magnetic field axis, and still leaves them free to rotate in the 
plane orthogonal to that axis. Full one-dimensional, uniaxial alignment is therefore 
only obtained when this rotational freedom is removed as well. This is achieved by a 
90 rotation of our Bitter magnet and the introduction of a substrate, oriented 
parallel to the magnetic field axis. The substrate introduces two-dimensional 
alignment on its surface, while the magnetic field limits the aggregates’ orientation 
to the direction orthogonal to the magnetic field axis, resulting in a full uniaxial 
alignment. In addition, the prepared gels on a substrate can be used for further 
applications, e.g. as a polarizer or birefringent film, or additional experiments to 
study its anisotropic properties, since they are not longer restrained by an optical 
cell. Unfortunately, we are neither able to monitor the induced linear birefringence 
nor polarized absorbance during the alignment in this set-up geometry and we can 
only visualize the optical anisotropy and the induced alignment of the final resulting 
gel with crossed-polarized optical microscopy. 
We use the knowledge of the observed alignment behaviour of our porphyrin trimer 
aggregates for the preparation of aligned gels on a substrate, following the drop-
casting protocol that is schematically shown in Figure 6.5. Since the fast evaporation 
of chloroform would result in flows in the solution and drying effects that perturb 
all induced alignment, we choose a different solvent system involving a mixture of 
n-hexane and 1-phenyloctane (7:1 v/v) and a trimer concentration of 8.0 mM. The 
porphyrin trimers are molecularly dissolved in n-hexane which evaporates from the 
drop-casted droplet (Figure 6.5a) in approximately 15 minutes, leaving a highly 
concentrated 1-phenyloctane solution. During the n-hexane evaporation aggregates 
form and elongate (Figure 6.5b), after which they are aligned orthogonal to the 
applied magnetic field (Figure 6.5c). Upon further solvent evaporation the gel forms 
due to interactions between the aggregates, which retains the induced alignment 
(Figure 6.5d). The crossed-polarized optical microscopy pictures in Figure 6.5e show 
that the preferred aggregate orientation is orthogonal to the magnetic field direction,  
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Figure 6.5 Schematic overview of the method used for the fixation of aligned 
porphyrin trimers: a) drop-casting a porphyrin trimer solution in n-hexane/1-
phenyloctane on glass, b) aggregation of the porphyrin trimers due to continuous n-
hexane evaporation, c) magnetic-field-induced alignment of the aggregates, d) 
formation of the porphyrin trimer gel in 1-phenyloctane, due to further n-hexane 
evaporation, fixating the aggregates’ alignment; e) crossed-polarized optical 
microscopy pictures of the drop-casted, gelated porphyrin trimer sample on a glass 
substrate. The homogeneity of the magnetic-field-induced alignment is shown, and 
its optical anisotropy with the main refractive index axes being parallel and 
orthogonal to the magnetic field direction. 
 
  
drop-casting + 
aggregation 
gelation 
B 
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visualized by the orientation of the porphyrin aggregate bundles. This orientation is 
consistent with the results from the polarized absorbance measurements on the 
porphyrin trimer solution we obtained before. The alignment is nearly perfect, with 
only a few randomly oriented aggregate bundles visible, which could have been 
formed after the sample was taken out of the Bitter magnet’s bore. 
 
6.5 Conclusions and future work 
In conclusion, we have successfully developed a method involving controlled 
aggregation and gelation of a drop-casted solution of porphyrin trimers, in order to 
fix their uniaxial, perfect, magnetic-field-induced alignment. In this way we have 
formed an aligned porphyrin trimer gel with clear absorbance anisotropy and 
birefringent properties. Modification of the porphyrin trimer, e.g. substituent 
modifications or metal coordination, is possible to further change its physical 
properties; the anisotropy of these properties can then be studied and used after 
magnetic-field-induced alignment of their aggregates. 
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Summary 
In this thesis the magnetic properties of organometallic molecules in high magnetic 
fields are studied. It starts with an introduction in the basic concepts of magnetism, 
primarily introducing the exchange term and crystal field term of the spin 
Hamiltonian, which is used throughout the later chapters for a quantitative 
interpretation of magnetization measurements. The second part of the chapter 
briefly summarizes the development of magnetic molecules and the rise of 
molecular magnetism. The following chapter describes the magnetometers that are 
developed in the HFML to measure the magnetic behaviour of the materials of our 
interest. It addresses their working principles, based on pick-up coils or cantilevers, 
and provides a full description of their construction and sensitivity. 
In Chapter 3 then the first magnetization measurements on a new series of Mn4 
clusters are presented. These clusters have three different intramolecular magnetic 
exchange pathways between the four manganese ions, situated on a [Mn4O4] cubane 
core. The experimental magnetization results are interpreted using density-
functional theory calculations based on the crystallographic structures of the 
clusters, an analytical model based on a spin square structure and numerical 
calculations that give an in-depth intramolecular magnetic exchange interaction 
scheme. In this chapter it is explained how the exchange interactions between the 
manganese ions can be controlled by changing their bridging carboxylate ligands. 
Changing these ligands from acetate to benzoate and finally to trifluoroacetate, 
increases their electron-withdrawing strength, resulting in an overall reduction of 
the antiferromagnetic coupling between the manganese ions with a factor of three. 
Additionally, upon ligand exchange one of the magnetic exchange interactions tends 
to become ferromagnetic, but its strength is too small to overcome the two 
remaining larger antiferromagnetic interactions and affect the cluster’s overall 
magnetic character. The second part of the chapter qualitatively describes the 
magnetic properties of the closely related Co4 clusters. This changes the investigated 
system from an isotropic d5 electronic configuration in MnII to an anisotropic d3 
configuration in CoII, inducing magnetic anisotropy in the Co4 clusters. This 
anisotropy is experimentally seen in the material’s tendency to align and is expected 
to underlie its linear high magnetic field behaviour. 
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In Chapter 4 very low temperature magnetization measurements on the Mn4(OAc)4 
cluster are discussed, obtained by cantilever magnetometry in a dilution 
refrigerator. At the lowest temperature, 120 mK, the cluster’s magnetic moment 
shows discrete steps in its magnetization, due to the crossings of magnetic energy 
levels. The actual magnetic fields at which these steps occur, are used for an exact 
determination of the intramolecular magnetic exchange interaction strengths 
between the manganese ions in this cluster. It is found, that these step positions are 
not precisely equidistant, which is explained by the different magnetic couplings 
between the individual manganese ions within a cluster. In addition, the 
experimental observation of a broadening and fading of the steps with increasing 
field is attributed to a spread of the energy levels in different clusters. This spread is 
caused by a statistical distribution of the average exchange interaction strength over 
the clusters that are present in the powdered sample. 
Chapter 5 describes the magnetic properties of a series of four Fe grids, determined 
by high field magnetization measurements. These grids belong to the magnetic 
molecule class of spin crossover compounds, which change from a low-spin state to 
a high-spin configuration upon the change of an external factor, in our case 
temperature. The magnetization results are interpreted in terms of intramolecular 
magnetic exchange interactions between the grid’s Fe centres and by taking into 
account zero field splitting. Simultaneously, the temperature-dependent spin 
crossover in these compounds is determined from the size of the magnetic moment 
isotherms. Both of these contributions to the grid’s magnetic properties strongly 
depend on the electronic properties of the Fe-bridging ligands that are used, and 
their related Fe-N bond lengths, which differ largely between the four available 
grids. In one of the grids the absence of counterions reduces the ligand field strength 
so strongly, that the four iron ions are in a HS state at all temperatures. This grid 
displays a ferromagnetic interaction between the Fe centres, which is most clearly 
observed in its magnetic behaviour at low temperatures. 
The last chapter shows a new methodology to align a porphyrin-based material with 
a magnetic field, due to its anisotropic diamagnetic properties. A description is 
given how to tune the aggregation and subsequent gelation of the porphyrin trimers 
by solvent choice and temperature variation. Their magnetic field-induced 
alignment is studied via polarized absorbance and linear birefringence 
measurements. These results are used to develop a method that involves the 
controlled aggregation and gelation of a drop-casted mixed-solvent solution of 
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porphyrin trimers on a substrate in a magnetic field. Aggregation and subsequent 
gelation is induced upon co-solvent evaporation, which fixes the porphyrins’ 
uniaxial, perfect, magnetic-field-induced alignment. In this way an aligned 
porphyrin trimer gel is formed, with clear absorbance anisotropy and birefringent 
properties. 
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Samenvatting 
In dit proefschrift worden de magnetische eigenschappen bestudeerd van 
organometallische moleculen in sterke magneetvelden. Het proefschrift begint met 
een inleiding in de basisbeginselen van magnetisme, waarbij hoofdzakelijk de 
wisselwerkterm en de kristalveldterm van de spin Hamiltoniaan geïntroduceerd 
worden, die in de daaropvolgende hoofdstukken gebruikt wordt voor een 
kwantitatieve interpretatie van de magnetisatiemetingen. Het tweede deel van het 
hoofdstuk vat de ontwikkeling van magnetische moleculen en de opkomst van 
moleculair magnetisme samen. Het tweede hoofdstuk beschrijft de magnetometers 
die in het HFML zijn ontwikkeld om het magnetische gedrag te bepalen van de voor 
ons interessante materialen. Hun werkingsprincipes, die gebaseerd zijn op 
oppikspoelen of cantilevers, worden verklaard, en een volledige beschrijving van 
hun opbouw en gevoeligheid wordt beschreven. 
In hoofdstuk 3 worden dan de eerste magnetisatiemetingen aan een nieuwe serie 
van Mn4 clusters gepresenteerd. Deze clusters hebben drie verschillende 
intramoleculaire magnetische wisselwerkingspaden tussen hun vier 
mangaanatomen, die geplaatst zijn op een [Mn4O4]-cubaanvormige kern. De 
experimentele magnetisatieresultaten worden geïnterpreteerd door gebruik te 
maken van dichtheidsfunctionaaltheorie die gebaseerd is op de kristallografische 
structuren van de cluster, een analytisch model dat gebaseerd is op een spin-
vierkant-structuur en numerieke berekeningen die een gedetailleerd schema 
opleveren van de intramoleculaire magnetische interacties. In dit hoofdstuk wordt 
uitgelegd hoe de magnetische wisselwerkingen tussen de mangaanionen kunnen 
worden beïnvloed door de bruggende carboxylaatliganden te veranderen. Door 
deze liganden van acetaat naar benzoaat en uiteindelijk trifluoroacetaat te 
veranderen, wordt hun elektronzuigende kracht versterkt, wat resulteert in een 
algehele afname van de antiferromagnetische koppeling tussen de mangaanionen 
met een factor drie. Bovendien neigt door deze liganduitwisseling één van de 
magnetische interacties ferromagnetisch te worden, maar helaas is zijn grootte te 
klein om de twee resterende grotere antiferromagnetische interacties te overwinnen 
en het totale magnetische gedrag van het cluster te beïnvloeden. Het tweede deel 
van dit hoofdstuk geeft een kwalitatieve beschrijving van het magnetische gedrag 
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van de nauw verwante Co4 clusters. Hierdoor is het onderzochte systeem veranderd 
van een isotrope d5 electronenconfiguratie in MnII naar een anisotrope d3 
configuratie in CoII, hetgeen een magnetische anisotropie induceert in de Co4 
clusters. Deze anisotropie is experimenteel in het materiaal zichtbaar in de neiging 
om magnetisch uit te lijnen, en wordt verwacht ten grondslag te liggen aan het 
lineaire magnetisatiegedrag in zeer sterke magneetvelden. 
In hoofdstuk 4 worden magnetisatiemetingen aan het Mn4(OAc)4 cluster verklaard, 
die bij extreem lage temperaturen met behulp van cantilever-magnetometrie in een 
mengkoeler zijn verkregen. Bij de laagste temperatuur, 120 mK, laat het magnetische 
moment van het cluster afzonderlijke stappen zien, vanwege de kruising van 
magnetische energieniveaus. De magneetveldsterktes waarbij deze stappen 
plaatsvinden, worden gebruikt voor een nauwkeurige bepaling van de grootte van 
de magnetische wisselwerking tussen de mangaanatomen in dit cluster. Deze 
stapposities zijn niet precies equidistant, wat verklaard wordt door de aanwezigheid 
van verschillende magnetische koppelingen tussen de individuele mangaanatomen 
in één cluster. Daarnaast wordt de experimenteel waargenomen verbreding en 
vervaging van de magnetisatiestappen met toenemend magneetveld toegewezen 
aan een verspreiding van de energieniveaus in verschillende clusters. Deze 
verspreiding wordt veroorzaakt door een statistische verdeling van de gemiddelde 
magnetische interactiesterkte over de clusters die zich in het poedervormige sample 
bevinden. 
Hoofdstuk 5 beschrijft de magnetische eigenschappen van een serie van vier 
ijzerroosters, die onderzocht zijn gedurende magnetisatiemetingen in sterke 
magneetvelden. Deze roosters behoren tot de klasse van spinovergangs-
verbindingen, die van een lage spin toestand in een hoge spin configuratie kunnen 
veranderen, onder invloed van een externe factor, in ons geval temperatuur. De 
magnetisatieresultaten worden geïnterpreteerd in termen van intramoleculaire 
magnetische wisselwerkingen tussen de ijzerkernen en door rekening te houden met 
nulveldsplitsing. Gelijktijdig wordt de temperatuurafhankelijke spinovergang in 
deze verbindingen bepaald uit de grootte van de magnetische isothermen. Beide 
bijdragen aan de magnetische eigenschappen van de ijzerroosters hangen sterk af 
van de elektronische eigenschappen van de gebruikte ijzerbruggende liganden, en 
hun gerelateerde Fe-N bindingslengtes, die sterk verschillen tussen de vier 
beschikbare roosters. In één van de roosters heeft de afwezigheid van tegenionen de 
ligandveldsterkte zo zeer gereduceerd, dat alle vier ijzeratomen bij elke temperatuur 
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een hoge spin hebben. Dit specifieke ijzerrooster laat een ferromagnetische interactie 
zien tussen de ijzerkernen, die het duidelijkst wordt waargenomen in zijn 
magnetische gedrag bij lage temperaturen. 
Het laatste hoofdstuk beschrijft een nieuwe methodologie om een op porfyrine 
gebaseerd materiaal, vanwege zijn anisotrope diamagnetische eigenschappen, uit te 
lijnen met behulp van een magneetveld. Er wordt beschreven hoe door middel van 
de juiste oplosmiddelkeuze en temperatuurvariatie, de aggregatie en 
daaropvolgende gelering van de porfyrine trimeren kan worden fijnafgestemd. De 
magneetveldgeïnduceerde uitlijning van deze trimeren wordt bestudeerd met 
behulp van gepolariseerde absorptiemetingen en lineaire dubbelbreking. Deze 
resultaten worden gebruikt om een methode te ontwikkelen voor een 
gecontroleerde aggregatie en gelering van een oplossing van porfyrine trimeren op 
een substraat in een magneetveld. Hun aggregatie en de daaropvolgende gelering 
wordt geïnduceerd door het verdampen van een hulpoplosmiddel, hetgeen de 
perfecte, uniaxiale, magneetveldgeïnduceerde uitlijning fixeert. Op deze manier 
wordt een porfyrine trimeer-gel gevormd met duidelijke anisotrope absorptie en 
dubbelbrekende eigenschappen. 
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